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Molecular modification poly(vinylidene fluoride) (PVDF) and surface 
modification of silicon wafer had been carried out to enhance their surface properties 
in this work.  
 
Ozone-pretreated PVDF was graft-copolymerized with 4-vinylpyridine (4VP) to 
produce the PVDF-g-P4VP copolymers. The microfiltration (MF) membranes were 
fabricated by phase inversion in aqueous media. X-ray photoelectronic spectroscopy 
(XPS) results indicated surface enrichment of the P4VP graft chains on the membrane 
surfaces. The flow rate through the PVDF-g-P4VP MF membranes increases with the 
increases in the solution pH, resulting from the weak base nature. XPS studies 
revealed that when the proton concentration was low, hydrogen bonding 
predominated. Pyridine protonation became significant only when the proton 
concentration was higher than 0.01M. On the other hand, the PVDF-g-P4VP/PNIPAm 
blend membranes were cast from the blend of PVDF-g-P4VP and poly(N-
isopropylacrylamide) (PNIPAm). In presence of both P4VP side chains and the 
PNIPAm homopolymer, the blend membrane exhibits a both pH- and temperature-
sensitive characteristics in surface morphology, pore size distribution, and flux 
behavior.  
 
The electrolyte-responsive membrane was prepared via the copolymerization of 
N,N'-dimethyl(methylmethacryloyl ethyl) ammonium propane sulfonate (DMAPS) 
with the ozone-pretreated PVDF (PVDF-g-PDMAPS copolymer), followed by phase 
inversion. The aqueous solution of DMAPS homopolymer (PDMAPS) exhibits both 
temperature- and electrolyte-sensitive phase behavior. Accordingly, the surface 
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composition of the PVDF-g-PDMAPS membranes was shown to be dependant on the 
temperature and ionic strength of the casting bath. However, the flux behavior of 
aqueous media through the PVDF-g-PDMAPS membrane exhibited only electrolyte-
responsive behavior. The permeability decreases with the increases in the ionic 
strength of the aqueous solution, resulting from the globular-to-coiled conformational 
transition (anti-polyelectrolyte effect) of the PDMAPS side chains on the pore walls. 
The low degree of polymerization of the PDMAPS side chain probably accounts for 
the absence of temperature-sensitive flux behavior of the PVDF-g-PDMAPS 
membrane.  
 
Inimer 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA) was graft-copolymerized 
with ozone-pretreated PVDF to produce the PVDF-g-PBIEA copolymer. With the 
ATRP-initiatiing ability of BIEA side chains, sodium styrenic sulfonate (NaSS) was 
graft-copolymerized with the PBIEA side chains to produce the PVDF-g-PBIEA-ar-
NaPSS arborescent copolymer. The PVDF-g-PBIEA-ar-NaPSS copolymer was 
fabricated into MF membrane by phase inversion. XPS and SEM studies revealed that 
both the surface composition and the morphology exhibit an electrolyte-responsive 
behavior as the electrostatic repulsion among the NaPSS side chains was shielded in a 
high ionic strength solution (polyelectrolyte effect). The surface-initiated ATRP of 
PEGMA was undertaken on the PVDF-g-PBIEA membrane to produce the PVDF-g-
PBIEA-ar-PPEGMA membranes. With the presence of the biocompatible PEGMA 




Surface-initiated free radical polymerization was extended on the silicon wafer 
substrate to prepare the inorganic/organic hybrid materials. The azo initiator was 
immobilized onto the hydroxyl-terminated silicon substrate via esterification reaction. 
The surface-initiated reversible addition-fragmentation chain transfer (RAFT) 
polymerization of DMAPS was carried out to produce Si-g-PDMAPS surface. The 
thickness of the PDMAPS film increases linearly with the polymerization time. The 
end functionality of the PDMAPS brush allowed for the synthesis of diblock 
copolymer brush. NaSS was block copolymerized to produce the Si-g-PDMAPS-b-
NaPSS brushes. Such a combination of polybetaine and polyelectrolytes allowed 





AAc: acrylic acid 
AAm: acrylamide 
AFM: atomic force microscopy 
ATRP: atom transfer radical polymerization 
BIEA: 2-(2-bromoisobutyryloxy)ethyl acrylate 
BMA: butyl methacrylate 
DMAEMA: (N,N-dimethylamino) ethyl methacrylate  
DMAPS: N,N-dimethyl(methylmethacryloyl ethyl) ammonium propane sulfonate 
DPE: 1,1-diphenylethylene 
EVA: ethylene-vinyl acetate copolymer 
FTIR: Fourier-transform infrared spectroscopy 
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PEGMA: poly(ethylene glycol) methacrylate 
PEI: poly(ethyleneimine) 
PEOX: poly(2-ethyl-2-oxazoline) 






PVDF: poly(vinylidene fluoride) 
RAFT: reversible addition-fragmentation chain transfer process 
ROMP: ring-opening metathesis polymerization 
SAM: self-assembled monolayer 
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SEM: scanning electron microscopy 
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SRP: stimuli-responsive polymer 
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Graft polymer chains were introduced onto the surface or bulk of the parent 
materials to impart specific functionalities. The combination of multiple components, 
which may exhibit diametrically different physicochemical properties, could lead to 
an amphiphilic system. With the differentiated affinity to other matrices, the graft 
copolymers can function as an inter-phase and bridge the two completely immiscible 
materials.  
 
The objective of the thesis is to study the effect of the stimuli-responsive polymer 
side chains on the properties, especially the surface properties, of the so-obtained 
polymer materials, in particular, the polymeric membrane in this thesis. Different 
from the conventional surface modification, a molecular-level copolymerization was 
employed in this work, which facilitated the control over the surface properties of the 
polymeric membranes. Through this study, the rules how the surface properties of 
multicoponent system with stimuli-responsive polymer was determined and controlled 
by the external conditions were hoped to be revealed.   
 
In this thesis, graft polymer chains were introduced onto the poly(vinylidene 
fluoride) (PVDF) backbones and single crystal Si(100) wafer surfaces to produce the 
graft copolymers and inorganic/organic hybrid, respectively. The smart microporous 
membranes, which exhibited a stimuli-responsive flux behavior, were fabricated by 
phase inversion from the copolymer solution. The functional polymer brushes on the 





Chapter 2 presents an overview of the stimuli-responsive polymers, the 
methodologies for preparing the graft copolymer and the surface-modified substrates. 
 
Chapter 3 is dedicated to fabrication of pH-sensitive microfiltration membranes. 
The poly(vinylidene fluoride) graft copolymer with 4-vinylpyridine side chains (the 
PVDF-g-P4VP copolymer)were synthesized through the ozone-pretreatment and 
thermally induced graft copolymerization, prior to the membrane fabrication by phase 
inversion. Not only the flux behavior, but also the surface morphology and the surface 
chemical composition of the PVDF-g-P4VP membranes exhibit a pH-sensitive 
behavior because of base nature of the P4VP side chains. The PVDF-g-
P4VP/PNIPAm composite membranes were cast from the blend of the PVDF-g-P4VP 
copolymer and PNIPAm in solution. The composite membrane exhibited both 
temperature- and pH-sensitive characteristics in the surface morphology, pore size 
and flux behavior. 
 
Chapter 4 reports on the design and preparation of electrolyte-responsive MF 
membranes. PVDF copolymer with zwitterionic polymer side chains was prepared 
initially, followed by the membranes fabrication by phase inversion. The permeability 
of the aqueous solution through the MF membrane exhibited an electrolyte-responsive 
behavior.  
 
In Chapter 5, a novel graft copolymer was synthesized via graft copolymerization 
of an ATRP inimer, BIEA, with PVDF. Porous membranes could be fabricated from 
the copolymer solution by phase inversion. ATRP of specific functional monomers 
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were initiated from the BIEA side chains both at the molecular level and on the 
membrane surface (including pore surfaces).  
 
Chapter 6 describes the synthesis of well-defined polybetaine brushes via 
controlled radical polymerization of DMAPS. Azo moiety was immbolized on Si-H 
substrate to initiate the surface-initiated reversible addition-fragmentation chain 















2.1 Stimuli-Responsive Polymers 
 
Because of their large dimension vis-à-vis the atomic size and sufficient flexibility 
of the carbon-carbon single bond, the polymer chains tend to assume a random-walk 
conformation. However, driven by hydrogen bonding, ionic interaction and 
lyophilic/lyophobic effect, stimuli-responsive polymers, or SRPs, can switch their 
conformation, as shown in Figure 2.1, in response to external stimuli, such as 
temperature, pH value and ionic strength (Lowe, 2000). Such a conformational 
transition of SRP chains can lead to an abrupt shift in segregation-aggregation 
equilibrium, intrinsic viscosity, hydrodynamic volume, turbidity and phase behavior. 
SRPs can be classified into several major classes, viz. pH-sensitive polymers, 
electrolyte-sensitive polymers and thermoresponsive polymers.  
 
2.1.1 pH-Sensitive Polymers 
In general, the pH-sensitive behavior of SRPs originates from the weak acid or 
base groups within the polymer structures. For the acidic polymers, such as 
poly(acrylic acid) (PAAc), they can be depronated when dissolved in basic aqueous 
media, which gives rise to a distribution of the carboxylic anions alongside the 
polymer chains. The resulting electrostatic repulsion among the negatively charged 
groups drives the polymer chains to switch from a globular conformation to a coiled 
one. On the other hand, for basic polymers such as poly(4-vinylpyridine) (P4VP),  
they can become protonated when exposed to aqueous acidic media, leading to the 
formation of positive charges alongside the polymer chains. As a result, the polymer 







Figure 2.1: Schematical illustration of the conformational change of stimuli-

































Figure 2.2: Chemical structures of three families of thermoresponsive synthetic 
polymers with a lower critical solution temperature (LCST). 
Change in pH, temperature 
and ionic strength 
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Acrylic acid (AAc) and methacrylic acid (MAAc) are the predominant acid 
monomer involved in the pH-sensitive polymers. Their hydrogel microparticles 
exhibit a swell-deswell behavior in response to pH of the aqueous media (Jones, 2000; 
Uchida et al.., 1995). Polymer chains assume a globular conformation in acid media. 
When the external pH is adjusted to over 7, polymer chains expand As a result, 
hydrogel particles become swollen when the external pH shifts from acidic to basic. 
AAc and MAAc had been grafted onto the polymer membrane surface and the pore 
surface (Ito et al.., 1997; Iwata et al.., 1998). After graft copolymerization, when the 
aqueous medium shifts from acidic to basic, PAAc and PMAAc chains adopt an 
expanded conformation, leading to a pH-sensitive flux behavior (Ito et al.., 1997).  
 
On the other hand, basic pH-sensitive polymers include poly(amines) (Kirwan et 
al.., 2004b; Bokias et al..，2000), poly(amides) (Wang, 2002), poly(pyridine) (Ionov 
et al.., 2003; Minko et al.., 2002) and poly(imidazole) (Sui, 2003). The 
conformational changes in these polymers has been well visualized by AFM. AFM 
has revealed that the conformation of poly(vinyl amine) (PVA) single chains 
undergoes a coil-to-globule transition when the pH of the aqueous solution shifts from 
3 to 9 (Kirwan et al.., 2004b). 
   
2.1.2 Thermoresponsive Polymers 
 
The thermoresponsive polymers herein are defined as the polymers that can 
undergo a sharp conformational change during a narrow temperature range (Lowe, 
2000). Some non-ionic polymers transform from hydrophilic to hydrophobic character 
abruptly at a lower critical solution temperature (LCST), while some polyzwitterions 
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undergo a diametrically opposite transition at an upper critical solution temperature 
(UCST).  
 
Most of the synthetic thermoresponsive polymers which show the LCST character 
fall into several families of polymers, namely, poly(N-substituted (meth)acrylamide), 
poly(olefin oxide), and poly(N,N-disubstituted aminoethyl methacrylate). Their 
chemical structures were schematically shown in Figure 2.2(a), (b) and (c), 
respectively. These polymers are water-soluble and hydrophilic at low temperature 
but precipitate at high temperature. Accordingly, the polymer chains adopt a coil-to-
globule conformational change, triggered by the increase in the thermodynamic 
environment.  
 
Poly(N-isopropylacrylamide) (PNIPAm) is the most extensively studied polymer 
with a LCST (Virtanen., 2002). PNIPAm is hydrophilic at room temperature but 
undergoes a phase transition at 32 oC. The volume change of the PNIPAm chains can 
be as high as 100 times (Wu. 1995). Copolymerization with hydrophilic comonomers, 
such as acrylamide (AAm), AAc and (N,N-dimethylamino) ethyl methacrylate 
(DMAEMA) resulted in a pronounced increase in LCST, while that with butyl 
methacrylate (BMA) accounted for an observed decrease in the LCST. Static and 
dynamic light scattering techniques had revealed that the PNIPAm single chain 
underwent a coil-to-globule transition in an extremely dilute solution (Wu. 1995).  
 
Polyzwitterions are polymers containing both cations and anions covalently 
bonded on the identical repeat units. The polymer prepared from zwitterionic 
monomers, especially sulfobetaines (Kudaibergenov, 1999) and carboxybetiane 
 24
(Gnambodoe et al.., 1996), as shown in Figure 2.3 (a) to (d), respectively, exhibit an 
opposite behavior to PNIPAm. These polymers are water-soluble only at high 
temperature and undergo a phase separation upon cooling. The aqueous solution of 
the polymers undergoes a dissolution-to-micellization transition, with the polymer 
chains undergoing a coil-to-globule conformational transition, in response to the 
decrease in the solution temperature.  
 
Poly(N,N'-dimethyl(methacryloyl ethyl) ammonium propane sulfonate) 
(PDMAPS) probably is the most widely investigated polyzwitterions. Aqueous 
solution of PDMAPS is homogenous at high temperature, but phases-separated when 
the aqueous media cool down to below the UCST. The PDMAPS solution undergoes 
a sharp decrease in transmittance over the narrow range of temperature around the 
UCST. (Chen et al.., 2000). In comparison to that of PNIPAm, the phase behavior of 
the aqueous solution of PDMAPS is more affected by polymer molecular weight, 
ionic strength, polymer concentration, electrolyte structure, non-electrolytic species 
etc.   
 
2.1.3 Electrolyte-Responsive Polymer 
 
Electrolyte-responsive polymers are termed as those which undergo 
conformational change and phase behavior in response to the change in the ionic 
strength of the aqueous media. Electrolyte-responsive polymers also exhibit two 
opposite electrolyte-responsive behaviors.  
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For polymers with only anions or cations distributed along chains with the 
counterions mobile in the surrounding media, i.e. polyelectrolyte, there exists a strong 
electrostatic repulsion among the charged sites of the polymer chains, which drives 
the polymer chains to adopt a coiled conformation. With low molecular electrolyte 
added, the electrostatic repulsion is gradually shielded by the surrounding mobile ions. 
As a result, the polyelectrolyte chains could assume a collapsed conformation in a 
high ionic strength (Vasilevskaya, 2001), leading to a reduced intrinsic viscosity of 
the polyelectrolyte aqueous solution, or “the polyelectrolyte effect” (Armentrout et al.., 
2000a).  
 
Polyanions, i.e. the polyelectrolyte with anions bonded on the polymer chains, 
mainly results from the alkali salt of poly(carboxylic acid) (Minakata et al.., 2003) 
and poly(sulfonic acid) (Yim et al.., 2002). On the other hand, polycations, i.e. the 
polyelectrolytes with cations bonded on the polymer chains, are derivatized from the 
N-alkylated poly(bases) (Biesalski et al., 2004; Armentrout, 2000b).  
 
Poly(sodium acrylate) (NaPAAc) and poly(sodium styrenesulfonate) (NaPSS) are 
widely studied among various polyanion. It was found that the NaPAAc can be 
adsorbed to the mineral particle surface to a significant amount only in a concentrated 
NaCl aqueous solution, because the electrostatic repulsion inhibits the aggregation of 
the NaPAAc chains. However, it was screened when the ionic strength is increased to 
1M (Kirwan et al., 2004a). The electrolyte-responsive conformational changes of the 
polyelectrolyte chain can be visualized from the electrolyte-induced collapse of 
polyelectrolyte brushes densely bonded on the silicon substrates. The thickness of 
poly(N-methyl vinylpyridinium iodine) (PMVP) brushes swollen in salt-free aqueous 
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media could be 30 times that swelled in 1 M NaI solution (Biesalski et al., 2004). 
AFM images revealed that single poly(methacryloyloxyethyl 
dimethylbenzylammonium chloride) (PMB) chain underwent a coil-to-globule 
transition when the electrolyte concentration of Na3PO4 in aqueous solution was 
increased from 0 to 18 M (Kiriy et al., 2002). However, with the addition of 
multivalent cations, such as Ca2+, the polyelectrolyte chains can aggregate to undergo 
a phase separation from the aqueous solution (Drifford , 2001).  
    
Different from polyelectrolyte, polyzwitterions exhibit an opposite electrolyte-
responsive behavior. When dissolved in aqueous media of low ionic strength, the 
intra-chain and inter-chain electrostatic attractions, together with the hydrophobic 
interaction of the main chains, drive the polymer chains to adopt a globular 
conformation. However, such interactions are disrupted by the addition of a low 
molecular weight electrolyte or polyelectrolyte, leading to a globule-to-coil transition 
in the chain conformation, or “anti-polyelectrolyte effect” (Galin, 1996; McCormick, 
1996).  
 
Various polyzwitterions have been synthesized to study their bulk and solution 
properties (Galin, 1996). However, only the sulfobetaines and carboxybetaines have 
been well studied on their electrolyte-responsive behavior. Polybetaines are water-
insoluble in pure water due to the ionic interactions, which give rise to a de facto 
networked structure. However, it is disrupted by the addition of low molecular weight 
electrolyte, because the electrolyte penetrates the ionic network, shielding the 
electrostatic attraction (Armentrout, 2000b).  Such an electrolyte-induced 


























Figure 2.4 Hyperbolically stimuli-responsive conformational transitions of 




volume and thus, in the reduced viscosity of the polyzwitterion aqueous solution 
(Armentrout et al., 2000a). It was observed that the adsorption of PDMAPS on silica 
surface from aqueous salt solution decreases with the increase in the electrolyte 
concentration (Kato et al., 1999).  
 
It is noteworthy that due to weak acid nature, poly(carboxybetaines) may also be 
pH-sensitive and behave like polelectrolyte in some case. In contrast, 
poly(sulfobetaiens) revealed a consistent polyzwitterion behavior as the sulfonic acid 
is a strong acid (Kathmann et al., 1997). 
 
2.1.4 Hyperbolically Stimuli-Responsive Copolymers 
 
As stated in the previous part, since both pH-sensitive, thermoresponsive and 
electrolyte-responsive polymers could exhibit two opposite behavior in response to 
changes in pH, temperature, and ionic strength, respectively, it is conceivable that 
coupling of polymer segments with opposite stimuli-responsive behaviors may give 
rise to copolymer which could exhibit a hyperbolically stimuli-responsive behavior in 
response to pH, temperature or ionic strength, respectively. Hyperbolically stimuli-
responsive behavior here is directed to the universal phenomenon that some properties 
of such copolymers achieve maxima (minima) in middle range of the external stimuli, 
and reach minima (maxima) in two extremes. In other words, some properties of such 
hyperbolically SRP, especially conformation and hydrodynamic volume, exhibit a 
turning point in the course of changes in response to the external factors, as illustrated 
in Figure 2.4.   
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Polyampholytes, polymers containing cations and anions covalently bonded on the 
different repeat units, are a family of hyperbolically stimuli-responsive copolymers, 
which could be prepared from weak acid/weak base, strong acid/weak base, weak 
acid/strong base and strong acid/strong base (McCormick, 1996). However, most of 
polyampholytes were prepared from the weak acid/weak base and strong acid/weak 
base, so they exhibit a complicated stimuli-responsive behavior. The weak acid 
groups in the polyampholytes typically is limited to carboxylic acid (Kudaibergenov, 
1999) and sufonic acid (McCormick, 1996), while the weak base groups include 
tertiary amines (Kudaibergenov, 1999), pyridine (Vedikhina et al., 2000; Sfika, 2003), 
and imidazole (Annenkov et al., 2003).  
 
The polyampholytes in aqueous solution, in terms of pH, is a mixture of 
polyanions, polycations, intrapolymer complex and neutral polymers (Kudaibergenov, 
2002). At a low solution pH (strongly acidic), the weak acid groups on the 
polyampholyte chains maintains electroneutral. However, the the weak base groups 
undergo the protonation or quatenization reaction and transform to polycations. At a 
neutral pH solution, both weak acid groups and weak base groups either exist in their 
neutral form or form an intrachain complex, leading to an electroneutral polymer 
chains. This specific pH is also defined as isoelectric point (IEP) where the contents 
of polycations and polyanions are minimal while those of neutral polymer and 
intrachain complex are maximal. In a high pH solution, the polyampholytes switch to 
polyanions because the weak acid groups undergo the deprotonation reaction 
(Kudaibergenov, 2002).  
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The hyperbolically pH-sensitive behavior of polyampholyte aqueous solution was 
revealed in intrinsic viscosity (Barbucci et al., 1989), hydrodynamic volume (Sfika, 
2003), turbidity (Sfika, 2003), equilibrium swelling ratio (Mafe et al., 1997; 
Kudaibergenov, 1999), surface adsorption (Walter et al., 1999) and aggregate size 
(Goloub et al., 1999), with a turning point at IEP. The copolymers prepared from AAc 
and N-methyl-2-vinyl pyridinium chloride (the PAAc-co-PMVP copolymers), as 
shown in Figure 2.5(a), assume a typical weak acid/weak base polyampholyte 
behavior. Their aqueous solutions exhibited minimum reduced viscosity and electric 
conductance, as well as a maximum turbidity around the IEP of about 5.4 (Vedikhina 
et al., 2000). Measurement of adsorption of PMAAc-b-PDMAEMA diblock 
polyampholytes, as shown in Figure 2.5(b) onto the silicon wafer revealed that the 
maximum adsorption was achieved when the aqueous pH was close to the IEP. At the 
minimum transmission of the solution, where the polyampholyte chains carry an equal 
number of positive and negative charges, strong attraction and the macroscopic 
precipitation occurred (Walter et al., 1999).   
 
The hyperbolically thermoresponsive copolymers are constructed from the 
combination of polymer segments with a LCST and a UCST, respectively. Such a 
copolymer has been synthesized from NIPAm and a sulfobetaine, 3-(N-(3-
ethacrylamidopropyl)-N, N -dimethyl) ammoniopropane sulfonate) (SPP), to produce 
the PNIPAm-b-PSPP copolymer, as shown in Figure 2.5(c). The temperature-
























Figure 2.5 Chemical structures of PAAc-b-PMVP, PMAAc-b-PDMAEMA, PNIPAm-



















































the aqueous solutions of PSPP and PNIPAm homopolymer decreases and increases, 
respectively, with the solution temperature, and their optical densities reach a plateau 
when the solution temperature is beyond UCST of PSPP (7oC) or below LCST of 
PNIPAm (32oC). However, optical absorbance of the aqueous solutions of the 
PNIPAm-b-PSPP copolymer reaches a minimum in the intermediate temperature. It 
was also found that the reduced viscosity, scattering intensity, polarity and 
hydrodynamic radii, aggregate size of the copolymer aqueous solution also exhibits a 
hyperbolically theremoresponsive behavior (Arotcarena et al., 2002). 
 
The hyperbolically electrolyte-responsive copolymers are prepared from the 
coupling of polyelectrolytes and polyzwitterions. The aqueous solutions of the 
random copolymer prepared from N,N-diallyl-N,N’-dimethyl ammonium chloride 
(DADMAC) and 3-(N,N-diallyl-N-methyl ammonio) propane sulfonate (DAMAPS),  
the PDADMAC-co-PDAMAPS copolymer as shown in Figure 2.5(d), exhibit a 
combination of polyelectrolyte effect and anti-polyelectrolyte effect, especially in the 
reduce viscosity. As the PDADMAC segments dominate the copolymer, the 
copolymer aqueous solution behaves in a polyelectrolyte pattern, and the reduced 
viscosity decreases with the addition of electrolyte. On the other hand, for the 
copolymer with a majority of DAMAPS segments, the reduced viscosity of their 
aqueous solution enhances with the addition of electrolyte. The hyperbolically 
electrolyte-responsive behavior emerges only on the copolymer with comparable 
DADMAC and DAMAPS segments. The reduced viscosity of their aqueous solution 
decreases initially with the addition of electrolyte, followed by an increase as the 
electrolyte concentration shifts beyond a critical concentration (Armentrout et al., 
2000a, Armentrout et al., 2000b). The dynamic light scattering measurement also 
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confirmed that, as the ionic strength of the medium is increased, the hydrodynamic 
radii of the PDADMAC-co-PDAMAPS copolymers decreases initially, reaches a 
minimum and increases again gradually (Armentrout et al., 2000b).  
 
 
2.2  Preparation of Polymer with Grafted Chains 
 
Grafted chains here mean, in general, any regular branched polymer chains. 
Grafted polymer chains are introduced into the polymer backbones to improve the 
compatibility and miscibility. The polymer chains can be incorporated into the 
polymer chains and give rise to a grafted structure via (i) reactive coupling/grafting of 
living polymer chains with side-functional polymer main chains (grafting onto), (ii) 
copolymerization with macromonomers (grafting through), and (iii) polymerization 
initiated from the side functional groups of the main chains(grafting from), as shown 
in Figure 2.5, respectively.  
  
2.2.1 Reactive Coupling/Grafting of “Living” Polymer Chains (grafting to) 
 
Grafting to approach involves the reactions of functional groups alongside the 
polymer backbone with the end-functional or side-functional groups of another 
polymer chains. Such reactions include chain transfer, anionic/cationic coupling, and 
other organic group reactions. 
  
Chain Transfer of propagating radicals or macroradicals to polymer chains could 
generate a grafted structure (Russell, 2002). Such chain transfer can be initiated from 






Figure 2.6 Schematic illustration of grafting from, grafting to and grafting through 









Figure 2.7: Chain transfer process and reactive coupling of anionically living polymer 



























Such a process is intensively used in the reactive processing of the polymer blend, as 
the graft copolymer formed in situ could promote the compatibility (Moad, 1999). For 
instances, the telomerization of vinylic monomers was performed on the PVDF-co-
PTFE copolymer chains, leading to a grafted structure (Wang et al., 2004). The co-
extrusion of peroxide-pendant polystyrene (PS) with polyethylene (PE) at high 
temperature leads to the PS-g-PE graft copolymer as a result of the chain transfer of 
the PS macroradicals to the PE chains (Yamamoto et al., 1991). The extrusion of PE 
(Yang et al., 2003; Navarre, 2000), polypropylene (PP) (Liu et al., 1993; Cartier, 
1998), polyester (Mani et al., 1999), with vinylic monomers in the presence of free 
radical initiators also leads to the graft copolymer. Free radicals can abstract the 
hydrogen from the silylmethyl groups of poly(dimethylsiloxane) (PDMS), to produce 
the copolymer with inorganic backbone and organic side chains (Okaniwa, 1997). 
Such a chain transfer process is in principle shown in Figure 2.7(a).  
 
Anionic Coupling occurs between the living anionic polymer and other polymers 
with side-functional groups, including anhydride, ester, benzylic halides, nitrile, 
expoxide and pyridine groups (Teertstra, 2004; Bywater, 1975), as shown in Figure 
2.7(b). Living anionic PS-Li had been intensively utilized to create such graft 
structures. For examples, the coupling between PSLi with chloromethylated or 
acetylated PS had given rise to the PS homopolymer with graft structures, and graft 
density can be controlled by the degree of chloromethylation or acetylation, 
respectively (Gauthier, 1991; Gauthier et al., 1996; Li, 2001).  This strategy had also 
been implemented to synthesize polystyrene-graft-poly(2-vinylpyridine) (the PS-g-
P2VP copolymers) (Kee, 2002; Gauthier et al., 2003) and polystyrene-graft-
polyisoprene (the PS-g-PiP copolymers) (Kee, 1999; Li et al., 2004). The P2VP-g-PiP 
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and P2VP-g-PS copolymers can be simply prepared by the anionic coupling of P2VP 
with PiP-Li and PS-Li living polymers (Watanabe et al., 1994). A novel strategy to 
synthesize PiP homopolyme with graft structure involved the hydrosilylation of PiP 
with chlorodimethylsilane, followed by the anionic coupling with PiP-Li (Hempenius 
et al., 1997). In addition, PS-Li had also been used to couple with poly(chloroethyl 
vinyl ether) (PCEVE) to produce the PCEVE-g-PS copolymers (Schappacher, 2000; 
Schappacher et al., 2003; Deffieux, 1999; Muchtar et al., 2001) while the coupling 
between the partially chloromethylated PS and poly(ferrocenyldimethylsilane) 
(PFDMS-Li) living polymer leads to the first organic-organometallic graft copolymer, 
PS-g-PFDMS (Power-Billard et al., 2004).  
 
Cationic Coupling occurs between the living cationic polymers and the side-
functional polymer. The poly(ethyleneimine) (PEI) homopolymer was prepared by the 
coupling of living poly(2-ethyl-2-oxazoline) (PEOX) with deacylated PEOX, 
followed by the deacylation to give rise a PEI homopolymer with a graft structure 
(Tomalia et al., 1991).  
 
Other organic group reactions among the side-functional groups of the polymer 
backbone and end-functional groups of the graft polymers are most widely studied 
coupling approaches because of their versatility. It covers esterification, 
transesterification, amidization, imidization etc.  
 
Esterification: for examples, hydroxyl-terminated polymer can be readily grafted 
onto the PAAc chains via esterification (Poe, 2004). The telechelic poly(methyl 
methacrylate) PMMA (PMMA-COOH) was grafted onto the polyethylene-co-
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poly(glycidol methacrylate) (PE-co-PGMA copolymer) chains also through the 
esterification reaction of the PMMA chains and the GMA repeat units (Kwak et al., 
2003). Similarly, PS-COOH was also grafted onto the PMMA-co-PGMA chains via 
the esterification between the PS end functionality and the epoxy group (Kim et al., 
2003). This process was illustrated in Figure 2.8 (a).  
 
Transesterfication: for instance, the poly(tetrahydrofuran) (PTHF) with quaternary 
ammonium end functionality can be grafted onto PMMA chains to produce PMMA-
g-PTHF as a result of transesterification reaction (Tong et al., 2001). It can also occur 
between ester and hydroxyl groups, by blending ethylene-methyl acrylate copolymer 
(PEMA copolymer) and hydroxylated PS at high temperatures, to obtain PEMA-g-PS 
(Hu, 1995). The transesterification reaction to produce graft copolymer is shown in 
Figure 2.8(b). 
 
Amidization: for instance, the polyurethane (PU) with peptide side chains can be 
synthesized from the coupling reaction of carboxylated PU and peptide via 
amidization reaction (Lin et al., 1992).  
 
Imidization: the graft structure can be formed between amine-functionalized 
polymers and maleic anhydride-containing polymers. Such protocol had been adopted 
on grafting of polyamide onto PS (Dedecker, 1999), styrene-acrylonitrile copolymer 
(Takeda, 1992), ethylene - propylene rubber (Marechal et al., 1995) and PP (Liu et al., 
2001), grafting of PS with ethylene-propylene rubber (Dharmarajan, 1992) and 




2.2.2 Molecular Graft Copolymerization (grafting from) 
 
Grafted polymer chains can also be introduced into the polymer via the “grafting 
from” approach. Monomers with functional terminal functionality were 
homopolymerized or copolymerized to produce the linear (co)polymers, followed by 
the graft polymerization initiated from the side-functional groups. For some initiator-
monomer or inimer, they could produce the graft structure directly from their polymer. 
For some existing polymers, it is also possible to introduce initiator moiety by post-
polymerization treatment of the polymer chains for the subsequent graft 
copolymerization. Various approaches had been adopted to graft-copolymerize 
polymer chains from the backbone chains.  
 
Genuine and Pseudo Inimer-involved Copolymerization  
AB* inimers refer to the monomers with initiator moieties (Mori H., 2003). The 
copolymers prepared from inimers have functional pendant groups which can initiate 
another polymerization to produce the graft structure directly, so it was termed as 
genuine inimer-involved copolymerization. On the other hand, for the polymer with 
functional side chains, chemical reactions were undertaken to transform them to be 
initiation-capable, or pseudo inimer-involved copolymerization. Both genuine and 
pseudo inimer-involved copolymerization are schematically shown in Figure 2.9.  
 
Conventional Free Radical Polymerization is initiated by chemical initiators, such 






















Figure 2.10: Utilizing the backbone unsaturations to produce graft copolymers. 
 40
monomers with peroxide pendant group, followed by graft copolymerization of vinyl 
monomers to produce graft structure (Yamamoto et al., 1991). 
 
Atom Transfer Radical Polymerization can be initiated by pendant alkyl halide 
moiety to produce the graft copolymer. PE polymer contains pendant bromoisobutyryl 
groups, which initiate the ATRP of styrene to form the PE-g-PMMA graft copolymer 
(Inoue et al., 2004).  
 
Cationic Polymerization can also be initiated from the alkyl halide. Specific 
moieties had been introduced into the polymer chains as the pendant groups to initiate 
the subsequent cationic ring-opening polymerization (Aoi, 1996). For example, PiB-
co-PVBC copolymers have chloromethyl pendant groups alongside the chains, which 
could initiate both cationic polymerization of 2-substituted 2-oxazoline (Grasmuller et 
al., 1998) and isobutene (Schafer et al., 2002) to produce the graft copolymers.  
 
Anionic Polymerization is suitable for the polymer with pendant aromatic groups. 
Initiators are formed after the lithiation of these aromatic rings, followed by the 
polymerization to create grafted polymer structure. Styrene or methylstyrene had been 
copolymerized with ethylene and propylene via metallocene copolymerization to 
produce the PE and PP copolymer with phenyl rings, followed by lithiation and 
anionic living polymerization of MMA, styrene, methylstyrene (Chung, 2000; Chung, 
2002). Anionic ring-opening polymerization is proposed for the cyclomonomer such 
as ε-caprolactone. Samarium poly(oxamide) has in-chain N-anions, which could 
initiate the anionic ring-opening polymerization to produce poly(ε-caprolactone) 
(PCL) as the graft chains (Wang et al., 1996).  
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Stable free radical polymerization, especially the nitroxide-mediated 
polymerization, is another controlled radical polymerization techniques (Hawker et al., 
2001). Nitroxide vinylic monomers can be copolymerized with ethylene via the 
metallocene-catalyzed polymerization to produce copolymer chains with nitroxide 
pendant groups, which could initiate the nitroxide-mediated polymerization to 
produce the graft copolymers (Bowden et al., 2002).   
 
Backbone unsaturation, the C=C double bond alongside or on the chains, could 
also be utilized to form the graft structures, as shown in Figure 2.10. Bifunctional 
monomers can be copolymerized to form the linear chains with unsaturation residues, 
and polymer chains can be grafted through copolymerization with these unsaturation 
residues. The terpolymer from ethylene, propylene and norborene-functionalized 
ethylene have norborene groups as the pendant groups, and the PP chains can be 
grafted onto termpolymer chains via cationic polymerization through the norborene 
functionalities (Lohse et al., 1991). Polybutadiene (PBD) has pendant or in-chain 
vinyl groups, which can copolymerize with styrene, MMA to produce PBD-g-PS and 
PBD-g-PMMA graft copolymer (Huang, 1995). PBD, PiP, PS and poly(methylstyrene) 
can also be metalation-grafted via anionic polymerization with MMA (Chung, 2000; 
Chung, 2002). The C=C double bond of ethylene-propylene-diene terpolymer(EPDM) 
copolymers can be hydroborated, followed by oxidation to introduce the peroxide 
functionalities, where the graft copolymerization was undertaken to produce the 
EPDM-g-PMMA graft copolymer (Chung et al., 1994).  
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Ozone pretreatment is a general strategy for those chemically inert polymers, such 
as PVDF, PE, EVA and PI, because few chemical transformations could be performed 
on their chains to introduce initiator moiety (Robin, 2004). Thermally labile peroxides 
were introduced onto the polymer backbone during the ozone pretreatment of those 
polymers in solution. Thermally-induced graft copolymerization of specific 
monomers had been undertaken on the ozone-pretreated polymer chains, leading to 
corresponding graft copolymers. 
    
2.2.3 Copolymerization with Macromonomers (Grafting through) 
 
Macromonomers are any telechelic polymer or oligomer with a polymerizable 
functionality. Copolymerization of macromonomers with conventional monomers 
results in a grafted structure (Ito, 1999).  
 
PEO macromonomers had been extensively utilized as they can readily form graft 
copolymers with hydrophilic and biocompatible properties. The copolymerization of 
NIPAm, N,N-diethylacrylamide (DEAm) and poly(ethylene glycol) methacrylate 
(PEGMA) was performed to produce PNIPAm-g-PEO and PDEAm-g-PEO graft 
copolymers, respectively (Schmaljohann et al., 2003). PEGMA has also been 
copolymerized to obtain PMAAc-g-PEO (Kim, 2003), PMMA-g-PEO (Capek, 1999), 
PS-g-PEO (Capek, 1999), PBMA-g-PEO (Kawaguchi et al., 1995) and PAAm-g-PEO 
(Xiao et al., 1995), respectively.  
 
PMMA macromonomer is another series of vinylic monomers with a long chain 
as substituent (Xie et al., 1991). PMMA homopolymer with a grafted structure can be 
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realized by the copolymerization of MMA with PMMA macromonomer (Moad et al., 
1996). PMMA macromonomer had been copolymerized with MMA and 2-hydroethyl 
methacrylate (HEMA) to form the PHEMA-co-PMMA-g-PMMA graft copolymer 
(Fujioka et al., 2003).  
 
Telechelic poly(2-alkyl-2-oxazoline) can be ring-opening polymerized into 
macromonomers with various end functionalities (Shimano et al., 1995). These 
macromonomers had been copolymerized with styrene, vinyl acetate, to produce graft 
copolymers (Uyama et al., 1993).  
 
2.3 Incorporation of Grafted Chains onto Substrate Surfaces 
 
Most substrate surfaces are hydrophobic and chemically inert, which may limit 
their utility. Surface modification by grafting polymer chains is a new technology to 
promote the surface properties, including adhesion, biocompatibility, hydrophilicity, 
antistatics, lubrication, antibiotics (Ikada, 1994; Uyama et al., 1998; Kato et al., 2003). 
The grafted polymer chains can be introduced onto the substrate surface via several 
approaches similar to those adopted for polymer chains, viz. surface grafting of 
“living” polymer chains (grafting onto) and surface-initiated polymerization (grafting 
from), as shown in Figure 2.11, respectively. Substrates involved included organic 
polymers and inorganic materials, such as silicon gel and gold.  
 
2.3.1 Surface Coupling/Grafting of “Living” Polymer Chains 
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Similar to the coupling with the side-functional polymers, the surface coupling 
with “living” polymer chains can be realized via active intermediate coupling, chain 
transfer, organic reaction and chain transfer with polymer chains. However, the 
strategy is dependant on the chemical nature of the substrates. 
 
2.3.1.1 Reactive Coating on Organic Polymer Substrates 
  
Organic polymer substrates can undergo various organic reactions to immobilize 
the reactive polymer chains, including active coupling, chain transfer and group 
reaction. 
 
 Active coupling occurs between the active or living polymers and the substrates. 
Such active groups include carbene, nitrene and carbocation. For examples, azide 
groups (-N3) can decompose to nitrene (-N:) under UV irradiation or thermal 
induction to insert into the C-H bond (van der Heiden, 1996), as shown in Figure 2.12. 
After pretreatment with azide-containing silane, the silica gel was grafted with PS 
under UV irradiation, leading to a silica gel with a thin layer of PS film (Yan, 2004). 
This strategy is also adopted to prepare the surface-grafted PET film via the active 
coupling of PET with carbene-, nitrene-, and carbocation-functionalizd polymer 
(Ziani-Cherif et al., 1999).  
 
Chain transfer of propagating radicals occurs not only on the polymer chains, but 
also polymer substrate surfaces, which allows the surface photo-polymerization. In 
the photo-polymerization, the photo-initiator, under UV irradiation, decomposes into 








Figure 2.11: Schematic illustration of grafting to and grafting from approaches to 














Figure 2.12: Active coupling of nitrene with polymer chains to produce surface-
grafted polymer chains. 
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the grafted structures (Ranby, 1999). The substrates suitable for the photo-
polymerization cover PAN (Jimbo et al., 1998), PE (Matsumoto et al., 2002), PVDF 
(Sergeyeva et al., 2001), PP (Xu et al., 2004), poly(vinylchloride) (PVC) (Decker, 
1998). 
 
Other organic reaction, such as esterification and amidization could also be 
utilized to form the graft structure on the organic substrate.  
 
Esterification: for example, after the anionic ring-opening copolymerizatin, the 
carbon whisker had been coated with a layer of epoxy and cyclic anhydride 
copolymer. The esterification occurs among the surface polymer layer and the end 
functionalities of polyester, leading to a polyester layer grafting onto the carbon 
whisker surface (Tsubokawa, 1993a) 
 
Amidization: for example, PEI had been immobilized onto the carboxylic acid-
containing PET film, via the amidization reaction, to obtain a PET-g-PEI film surface 
(Kingshott et al., 2003). The NH2-terminated poly(tert-butyl acrylate) (PtBA) can be 
grafted onto the carboxylic acid-functionalized gold, aluminum, silicon, and 
polyethylene surfaces, to produce the surface-attached PtBA graft chains (Tao et al., 
2001).  
 
2.3.1.2 Reactive Coating on Inorganic Substrates 
 
In comparison to organic polymer, less organic reactions can undergo on such 
inorganic substrates as silicone materials, carbons, metal oxides and gold. Fortunately, 
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there are some special bondings between the inorganic substrate and other functional 
groups, which could be utilized for the polymer grafting.   
 
For silicone materials, such as silica, glass and Si/SiO2 wafer, they contain the 
surface precursor, silanol functional group, which could undergo sol-gel process with 
silane to immobilize the telechelic polymer onto the substrate surface. As shown in 
Figure 2.14, the polymer with end functionalities of trichlorosilane group (Tran, 2001), 
monochlorosilane (Reiter et al., 1996), silanol (Auroy et al., 1991) and 
trialkoxylsilane (Sakai K., 2003) had been immobilized onto the silicone materials 
surface through Langmuir-Blodgett (LB) Film or self-assembly monolayer technique. 
Both linear and dendritic polymer could be immobilized to design and improve the 
surface properties. Silicone materials could also be pretreated to introduce some 
functional groups, and thus, the end-functional polymer can be immobilized by the 
typical organic reaction. Cationic living polymer can couple with amine-terminated 
silica surface to produce surface grafted poly(isobutyl vinyl ether) (PIBVE) and 
poly(2-methyl-2-oxazoline) (PMOX) chains on silica surface (Tsubokawa, 1995).  
 
Au can form stable covalent bond with sulfur species, which had been well 
adopted to immobilize the thiol- or disulfine-functionalized polymer onto Au particles 
(Heinz et al., 2000; Thomas, 2003; Zhu et al., 2004). The RAFT process, using the 
dithioester as the chain transfer agent, can produce the dithioester-terminated polymer, 
























Figure 2.13: Reactive coupling of silicone-based substrates with silane-terminated 










Figure 2.14: Reduction of RAFT-prepared polymer into a thiol-terminated chain to 
produce Au-immobilized polymer chains. 
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The strategy for metal oxide particle, such as Fe2O3, TiO2, Al2O3, to intoruduc the 
graft chains is quite similar as that of silica gel. The metal oxide surfaces contain the 
hydroxyl groups, which could be utilized for the immobilization of the end-functional 
polymer. The end functionality involved may include trialkoxylsilyl (Takafuji et al., 
2004) and carboxylate acid (Tannenbaum et al., 2004).   
 
2.3.2 Surface-Initiated Polymerization (Grafting from) 
 
Surface-initiated polymerization (SIP) of functional monomers can be 
implemented on those surfaces with initiator moiety. They are only a few substrates 
which contains initiator moieties originally. Most substrates have to be pretreated to 
introduce initiator, prior to the surface-initiated polymerization. So the emphasis of 
this part is on the strategy of immobilizing or introducing the initiator onto the surface. 
Because of the difference in their chemical nature, the strategies on polymer 
substrates and inorganic substrates are presented individually. 
 
2.3.2.1 Surface-Initiated Polymerization on Organic Polymer Substrates 
 
Generally, most of polymer substrates have inert surfaces, while some of them 
contain surface reactive groups. For the surface-inert polymer substrates, surface 
pretreatment is necessary to create the active sites for the SIP.  
 
Surface pretreatment is suitable to introduce the active sites onto the chemically 
inert flat substrates by ozone pretreatment (Karlsson J. O., 1999), electron beam 
bombardment (Zouahri, 1996), ion beam (Lau, 1997), ion irradiation (Bhattacharya, 
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2000), plasma discharge (Kato et al., 2003), γ-rays treatment (Chauhan et al., 2000), 
and laser treatment (Saito et al., 1997), as shown in Figure 2.16(a). After these surface 
pretreatments and subsequent exposures to atmosphere, the thermally labile peroxide 
and hydroperoxide groups are formed on the surfaces, which could undergo thermal 
decomposition to initiate free radical polymerization to introduce the polymer graft 
chains onto the substrate surface. These substrates may include fluoropolymer (Kang, 
2000; Forsythe, 2000; Dargaville et al., 2003), polyester (Saito et al., 1997), PP 
(Singh, 1992), PE (Bergbreiter, 1994), polythiophene (PTH) (Kang et al., 1992), 
polycarbonate (PC) (Chen et al., 1998), PI (Inagaki et al., 1996) and poly(aramide) 
(Mori et al., 1994).  
 
Unsaturated polymer substrate surfaces may deteriorate the thermal and chemical 
stability. However, they can also be functionalized to introduce the initiator moieties, 
as shown in Figure 2.16(b). For example, unsaturations on the PE, PVC and PP film 
surfaces can be hydroborated to create C-B bond, where oxygen can insert into to 
generate peroxide functionalities. The subsequent polymerization of vinyl monomers 
can produce surface graft structure (Bergbreiter et al., 1994). This strategy had also 
been applied on the molecular graft copolymerization of PBD and PiP.  
 
For the amine- or hydroxyl-functionalized substrates, azo or C-X moiety can be 
immobilized via amidization or esterification to initiate conventional free radical 
polymerization (Sugawara, 1994) or ATRP, respectively.  
 
For hydroxyl-containing carbohydrate polymers, such as cellulose (McDowall et 






















film (Matsuda et al., 1996), Ceric(IV) ion can be used to oxidize the hydroxyl groups 
into free radicals to initiate the polymerization and produce the surface-grafted 
polymer chains, as shown in Figure 2.16 (c). On the other hand, hydroxyl groups on 
the chitin can also be tosylated to introduce the thiol groups, which could initiate the 
polymerization of styrene to produce the surface-grafted PS chains (Kurita et al., 
1996).  
 
The photolysis of polyesters, such as poly(ethylene terephthalate) (PET) and 
poly(butylene terephthalate) (PBT) had been well studied, as the ester groups could be 
involved in photolytic reaction to generate free radicals (Yagci, 1990). On the other 
hand, such photolysis reaction can be utilized to surface-initiate the free radical 
polymerization of hydrophilic monomers MAAc (Uchida et al., 2000), PEGMA 
(Uchida et al., 1994), AAc and DMAEMA (Zhang et al., 1995) in the absence of a 
photoinitiator.  
 
Although most surface-initiated polymerizations were conducted in a radical 
fashion, there are still some reports on the surface-initiated ionic polymerization. For 
instances, poly(glycolic acid) (PGLA) powders contains the carboxylic acid groups on 
the surface, which were found to initiate the cationic polymerization to produce 
surface-attached chains (Tsubokawa et al., 1993b).  
 
For some other substrates, they could be photo-oxidized or photo-reduced to 
incorporate the peroxide groups onto the surface under the UV–irradiation. The 
functionalized substrate surface could initiate the thermally-induced free radical 
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polymerization. These substrates include PCL (Zhu et al., 2002), poly(L-lactic acid) 
(PLLA) (Ma et al., 2003), and PTFE (Noh, 1997).  
 
2.3.2.2 Surface-Initiated Polymerization on Inorganic Substrates. 
  
The inorganic substrates involve silica, silicone wafer, glass bead, carbon, gold 
and metal oxide etc. The initiators can be introduced onto the inorganic substrate 
surface via surface pretreatment, organic reaction, and self-assembled monolayer 
techniques. The surface-initiated polymerization of the functional monomers on the 
inorganic substrate will produce the organic/inorganic composite or hybrid (Pyun, 
2001).  
 
Surface pretreatment, especially plasma pretreatment, can also be used on silicon 
wafer, followed by the conventional radical polymerization (Zhang et al., 1999), in a 
similar approach to that of organic polymer substrates.   
 
Some inorganic substrates, such as silicon wafer, silica particle and glass, contain 
surface silanol functionalities (Si-OH). Although there are reports on the in situ 
formation of azo initiator on the silica surface to form surface graft structure (Prucker, 
1998), it is more convenient to immobilize the initiator monolayer through self-
assembly technique. 
 
Silanol functionality can directly be involved in the immobilization of initiator 
SAM, which could initiate the subsequent SIP (Ejaz, 2001). Therefore, it is the 
functionality in the coupling agent that determines the SIP strategy. Silanol can 
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undergo the sol-gel process with silane to immobilize the initiator SAM. For example, 
the isocyanate group was introduced onto the silica and glass surface, followed by the 
imidization of carboxylic acid-terminated azo initiator, which initiates conventional 
free radical polymerization (Tsubokawa et al., 1994; Fujiki et al., 1999). Hydroxyl-
terminated silane coupling agent was immobilized to form a hydroxyl-terminated 
surfaces, initiating the ring-opening polymerization of L-lactide to produce a Si-g-
PLLC substrate (Choi, 2001). Silica particle was functionalized with NH2-containing 
silane, followed by the immobilization of azo initiator SAM through the amidization 
reaction. The azo SAM can initiate the free radical graft polymerization of styrene and 
N-vinylimidazole from the silica surface (Chen et al., 1991). After coupling with 2-
bromoisobutyryl-containing silane, the surface-initiated ATRP occurs readily on silica 
(Granville et al., 2004). After coupling with an iniferter-functionalized 
trimethoxylsilane, the silicon wafer can initiate the the “living” photo-polymerization 
to produce Si-g-PMMA and Si-g-PS (de Boer et al., 2000). After coating with a 
trichlorosilane containing an organometallic head group, the ring-opening metathesis 
polymerization (ROMP) could occur on the silicon wafer surface to produce a Si-g-
polynorborene surface (Harada et al., 2003). After coating with nitroxide-
functionalized silane, the silica (Bartholome et al., 2003) and silicon wafer 
(Husseman M., 1999) can inititiate the stable free radical polymerization to produce 
the surface attached PS polymer chains.  
 
In addition to the silanol, other precursor can be formed on the silicon substrate 
surface, such as Si-H (Buriak, J. M., 2002). Si-H bond can couple with the C=C 
double bond to undergo the hydrosilylation reaction, resulting in the formation of the 
initiator SAM for the subsequent SIP (Yu, 2003).   
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The silicates or clay particles contain net positive charges, and thus the initiator 
with the ionic head groups can be immobilized onto the surface via the electrostatic 
attraction. This strategy had been adopted to immobilize 1,1-diphenylethylene (DPE) 
functionality for anionic living polymerization (Fan et al., 2002) and bromoisobutyryl 
for ATRP (Zhao, 2003). 
 
Complexation between Au and thiol had been extensively used to immobilize the 
initiator SAM on Au substrates (Ulman, 2001; Shenhar, 2003). Similar to that of silica, 
the functionality of the coupling agents determines the SIP strategy. For example, Au 
surface had been coated with thiol containing benzylic amine for initiating the 
oxidative polymerization of aniline (Sawall et al., 2004) and with hydroxyl and 
primary C-Br for cationic ring-openign polymerization (Choi, 2001; Rusa et al., 2004) 
The controlled or living polymerization are also carried out on Au particle surface. 
For example, Au particle had been coated with thiol containing a tertiary C-Br moiety 
for ATRP (Ma et al., 2004; Brantley, 2004), containing a dithioester functionality for 
the RAFT process (Raula et al., 2003) and with a diphenylethylene (DPE) (Advincula 
et al., 2002) or bromobenzene (Jordan et al., 1999) for anionic living polymerization.  
In addition, the thiol containing azo moiety could be coated onto the Au surface for 
conventional photopolymerization (Paul et al., 2002) and thermal polymerization 
(Huang et al., 2001), respectively. 
 
Similar to the “grafting from” approach of metal oxide substrates, the initiator 
SAM was immobilized onto the metal oxide substrates for the subsequent SIP through 
the reaction of trichlorosilane (Marutani et al., 2004), phosphoric acid (Matsuno et al., 
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2004), trimethoxylsilyl (Huang et al., 2001), carboxylic acid (Li et al., 2004; Vestal, 
2002). The typical SIP strategy on metal oxide substrates includes ATRP (Marutani et 
al., 2004; Vestal, 2002; Li et al., 2004), nitroxide-mediated polymerization (Matsuno 
et al.., 2004) and conventional thermal polymerization (Huang et al., 2001). 
 
The SIP on CdSn nanoparticle surface had also been studied. CdSn surfaces can 
be activated by phosphorine oxide. After coating of phosphorine oxide with nitroxide 
and metallocene functionalities, CdSn can undergo the nitroxide-mediated 
polymerization of styrene (Sill, 2004) and the metallocene-catalyzed ROMP of cyclic 
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3.1 Poly(vinylidene fluoride) with Grafted 4-Vinylpyridine Polymer Side Chains 
for pH-sensitive Microfiltration Membranes 
 
3.1.1 Experimental 
3.1.1.1 Materials and Reagents  
Poly(vinylidene fluoride) (PVDF, Kynar K-761) powders (MW=441,000) were 
obtained from Elf Atochem of North America Inc. The solvent, N-methyl-2-
pyrrolidone (NMP, reagent grade) was obtained from Merck Chemical Co. They were 
used as received. The monomer, 4-vinylpyridine (4VP) of 95% in purity and 
purchased from Aldrich Chemical Company of Milwaukee, WI, USA, was distilled 
under reduced pressure before use. 
 
3.1.1.2 Ozone Preactivation of PVDF and Thermally-Induced Graft 
Copolymerization of 4VP with the PVDF (the PVDF-g-P4VP Copolymer) 
 
PVDF powders were dissolved in NMP to form a 7 wt% solution. A continuous 
O3/O2 mixture stream was bubbled through 30 ml of the PVDF/NMP solution at room 
temperature (~25oC) for about 15 min. The O3/O2 mixture stream was generated from 
an Azcozon RMU16-40EM ozone generator. The flow rate was adjusted to 300 L/h to 
result in an ozone concentration of about 0.27 g/L in the gaseous mixture. After the 
ozone preactivation, the polymer solution was cooled in an ice bath. An argon stream 
was introduced for about 30 min to degas the ozone and oxygen dissolved in the 
solution.  
The 4VP monomer and NMP solvent were then added to achieve a specific 
[4VP]/[-CH2CF2-] molar feed ratio and to adjust the total solution to 40 ml. After an 
additional 15 min of argon purging, the temperature of the water bath was raised to 
60oC to induce the decomposition of peroxide groups on the PVDF chains and to 
initiate the graft copolymerization of 4VP. During the 4-h of thermal graft 
polymerization, a constant flow of argon was maintained. After the reaction, the 
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reaction mixture was cooled in an ice bath and the resultant PVDF-g-P4VP copolymer 
was precipitated in an excess amount of absolute ethanol (a good solvent for 4VP and 
its homopolymer). After filtering, the copolymer was washed in an excess volume of 
ethanol for 48 h. The solvent was changed every 8 h. The copolymer sample was 
recovered and dried by pump under reduced pressure for subsequent characterization. 
The processes of ozone preactivation and thermally induced graft copolymerization 
are shown schematically in Figure 3.1. 
 
3.1.1.3 Fabrication of the Microfiltration (MF) Membranes  
 The MF membranes were prepared by the phase inversion technique. The PVDF-
g-P4VPcopolymer powders were dissolved in NMP to a concentration of 12 wt% at 
room temperature. The copolymer solution was cast on a glass plate and the glass 
plate was subsequently immersed in the doubly distilled water. After the membrane 
had detached from the glass plates, it was extracted in a second bath of doubly 
distilled water at 70oC for 30 min. This procedure was to stabilize the pore structure 
and to refine the pore size distribution. The purified MF membrane was dried by 
pump under reduced pressure for the subsequent characterization. The structure of the 
MF membranes is also shown schematically in Figure 3.1. 
 
3.1.1.4 Copolymer and Membrane Characterization 
The chemical structure of the copolymer was characterized by FTIR. After 
dispersion in KBr, the FTIR spectra of the homopolymer and copolymer powders 
were measured on a Bio-Rad FTS 135 FT-IR spectrophotometer. Each spectrum was 
collected by cumulating 16 scans at a resolution of 8 wavenumbers. 
The chemical composition of the copolymer was measured by the elemental 
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Figure 3.1: Schematic illustration of the processes of thermally-induced graft 
copolymerization of 4VP on the ozone-preactivated PVDF backbones in solution and 
the preparation of the PVDF-g-P4VP MF membranes by phase inversion. 
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analysis. The carbon, nitrogen and hydrogen elemental contents were determined 
using a Perkin-Elmer 2400 element analyzer. Taking into account the stoichiometries 
of the graft and the fluoropolymer chains, the bulk graft concentration, defined as the 
number of 4VP repeat units per repeat unit of PVDF, or the ([-4VP-]/[-CH2CF2-])bulk 
ratio, can be calculated from Equation (3.1): 
 ([-4VP-]/[-CH2CF2-])bulk =2[N]/([C]-7[N]) ×100%                             … (3.1) 
where the factors 2 and 7 are introduced to account for the fact that there are 2 and 7 
carbon atoms per repeat unit of PVDF and 4VP polymer, respectively.  
The thermal stability of the PVDF-g-P4VP copolymers was studied by 
thermogravimetric analysis (TGA). The samples were heated from room temperature 
to about 700oC at a rate of 10oC/min under a dry nitrogen atmosphere in a Du Pont 
Thermal Analyst 2100 system, equipped with a TGA 2050 thermogravimetric thermal 
analyzer. 
The surface morphology of the MF membranes was studied by the scanning 
electron microscopy (SEM), using a JEOL 6320 scanning electron microscope. The 
membranes were mounted on the sample studs by means of double-sided adhesive 
tapes. A thin layer of palladium was sputtered onto the membrane surface prior to the 
SEM measurement. The measurements were performed at an accelerating voltage of 8 
kV. 
The pore sizes and the pore size distributions of the PVDF-g-P4VP membranes 
were measured using a Coulter Porometer II apparatus, manufactured by Coulter 
Electronics Ltd., Buckinghamshire, UK.  The commercial product, Porofil®, for the 
Coulter Porometer instrument was used as the wetting agent.  
The surface chemical composition of the membranes was measured by XPS. XPS 
measurement was made on a Kratos AXIS HSi spectrometer with a monochromatized 
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Al Kα X-ray source (1486.6 eV photons) at a constant dwelling time of 100 ms and a 
pass energy of 40 eV. The anode current was 15 mA. The pressure during the analysis 
was maintained at below 5×10-8 Torr. The polymer membranes were mounted on the 
sample studs by means of double-sided adhesive tapes. The core-level signals were 
obtained at the photoelectron take-off angle (α, with respect to the sample surface) of 
90o. All binding energies (BE’s) were referenced to the C 1s hydrocarbon peak at 
284.6 eV or the CF2 peak of PVDF at 290.5 eV. In peak synthesis, the full width at 
half maximum (FWHM) of the Gaussian peaks was maintained constant for all 
components in a particular spectrum. Surface elemental stoichiometries were 
determined from peak-area ratios, after correcting with the experimentally determined 
sensitivity factors, and were reliable to +5%. The elemental sensitivity factors were 
determined using stable binary compounds of well-established stoichiometries.  
For the flux measurement through the PVDF-g-P4VP MF Membranes, the PVDF-
g-P4VP MF membrane was immersed in an aqueous HCl solution of a prescribed pH 
value for several minutes. It was then mounted on the microfilteration cell (Toyo 
Roshi UHP-25, Tokyo, Japan). An aqueous HCl solution of the same pH value was 
added to the cell. Sodium chloride was added to adjust the ionic strength of the 
aqueous solution to 0.1 mol/L. The flux was calculated from the weight of solution 
permeated per unit time and per unit area of the membrane surface under a nitrogen 
atmosphere of 0.03 kg/cm2.   
 
3.1.2 Results and Discussion 
3.1.2.1 Ozone Pre-activation of PVDF and Graft Copolymerization of 4VP with 
the PVDF (the PVDF-g-P4VP Copolymer) 
 
Ozone treatment has been widely adopted to generate the peroxide and 
hydroperoxide species on polymer chains and surfaces (Ying, 2003; Robin, 2004). 
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These functional groups can be used to initiate the free radical polymerization of vinyl 
monomers to produce the graft copolymers. For this and other chain polymerization 
reactions, in general, the initiator decomposition is the rate-limiting step. The 
activation energy and Arrhenius coefficient (ln A) for the decomposition reaction of 
the initiators on the ozone-preactivated PVDF chains are reported to be about 39 
kJ/mol and 5.8, respectively (Boutevin et al., 1992). Thus, the value of A is about 
330s-1. Based on these data, the half-life of the peroxide groups at 60oC is calculated 
to be about 45 min. Thus, it is probably sufficient to fix the reaction time at 4 h for the 
thermally induced initiator decomposition and graft copolymerization in this work. 
The processes of ozone preactivation, graft copolymerization, and MF membrane 
fabrication are illustrated schematically in Figure 3.1. 
 
Composition Analyses of the PVDF-g-P4VP Copolymers  
In general, the amount of peroxide groups created on the PVDF chains by the 
ozone pretreatment, or the initiator concentration, depends on the treatment 
temperature, ozone concentration and treatment time (Fargere et al., 1994). Previous 
studies had shown that an ozone pretreatment time of 15 min under the present 
experimental conditions could result in a peroxide content of about 10-4 mol per gram 
of PVDF, as determined by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay (Ying, 
2003). Excessive ozone pretreatment will lead to the over-oxidation and degradation 
(scission) of the polymer chains, especially when the treatment time is above 15 min.  
Thus, the ozone pretreatment time is fixed at 15 min in the present work. 
 
For the graft copolymerization of 4VP with PVDF, the 4VP monomer feed ratio is 
an important parameter that can be used to regulate the graft concentration. Elemental 
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analysis suggests that the bulk graft concentration, defined either as the ([-4VP-]/[-
CH2CF2-])bulk ratio or simply as the ([N]/[C])bulk ratio, increases with the increase in 
the [4VP]/[-CH2CF2-] molar feed ratio used for the graft copolymerization. The bulk 
[N]/[C] ratio, obtained from the elemental analysis, and the corresponding bulk graft 
concentration, calculated from Equation (3.1), as a function of the monomer feed ratio 
([4VP]/[-CH2CF2-] ratio) is shown in Figure 3.2. Comparison of the bulk graft 
concentration, or the ([-4VP-]/[-CH2CF2-])bulk ratio, with the molar feed ratio in 
Figure 3.2 indicates that the grafting efficiency, defined as the ratio of the amount of 
4VP grafted onto the PVDF chains to that used for the graft copolymerization,  
decreases from about 6% to about 2% with the increase in the [4VP]/[-CH2CF2-] feed 
ratio from 0.61 to 3.66. This result suggests that the graft copolymerization reaction is 
limited by the peroxide initiator concentration, and not by monomer diffusion. 
Furthermore, at a low bulk graft concentration, a finite amount of PVDF 
homopolymer probably coexists in the grafted fraction. The removal of the PVDF 
homopolymer from the graft copolymers by solvent extraction will be difficult.  
 
FTIR Spectra of the PVDF-g-P4VP Copolymers 
The FTIR spectra of the PVDF-g-P4VP copolymers, obtained from different 
monomer feed ratios were also studied. Compared to that of the pristine PVDF and 
that of the 4VP homopolymer, the spectra of the PVDF-g-P4VP copolymers contain 
the characteristic absorption band for the pyridine groups (ν=1602 cm-1), associated 
with the grafted 4VP chains (Shriner et al., 1998). Since the concentration of a 
functional group is directly proportional to the absorption peak area in the FTIR 
spectrum, the ratio of the absorption peak area at 1602 cm-1 to that at 1120~1280 cm-1 
                                    











Figure 3.2: Effect of [4VP]/[-CH2CF2-] molar feed ratio on the bulk [N]/[C] ratio and 



















Figure 3.3: Thermogravimetric analysis curves of (1) the pristine PVDF; the PVDF-g-
P4VP copolymers of bulk graft concentrations ([-4VP-]/[-CH2CF2-]bulk ratios) of (2) 
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(the absorption band associated with the CF2 groups of PVDF) is directly related to 
the bulk graft concentration of the 4VP side chains in the respective PVDF-g-P4VP 
copolymer. The FTIR spectroscopic results indicate that the bulk graft concentration 
increases with the increase in the respective [4VP]/[-CH2CF2-] molar feed ratio used 
for graft copolymerization. This result is in a good agreement with that obtained from 
the element analysis.  
 
Thermogravimetric Analysis of the PVDF-g-P4VPCopolymers 
One of the unique properties of the pristine PVDF is its outstanding thermal 
stability. The thermal stability of the PVDF-g-P4VPcopolymers was studied by 
thermogravimetric analysis (TGA). Figure 3.3 shows the respective TGA curves of 
three PVDF-g-P4VP copolymers of different bulk graft concentrations, the pristine 
PVDF and the 4VP homopolymer. In comparison with the pristine PVDF and 4VP 
homopolymer, the PVDF-g-P4VPcopolymers show an intermediate weight loss 
behavior. Differing from the two homopolymers, the PVDF-g-P4VP copolymers 
undergo a distinct two-step thermal decomposition process. The onset of the first 
major weight loss occurs at about 300oC, corresponding to the decomposition of the 
4VP side chains of the copolymer. The second major weight loss commences at about 
450oC, which coincides with the thermal decomposition temperature of the PVDF 
main chains. The TGA curves also indicate that the extent of weight loss of the 
PVDF-g-P4VP copolymer during the first step of thermal decomposition is 
approximately equal to the content of the 4VP segments in the respective graft 
copolymer. 
  
3.1.2.2 Microfiltration (MF) Membranes Fabricated from the PVDF-g-P4VP 
Copolymers 
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After the PVDF-g-P4VP MF membranes were fabricated by the phase inversion 
technique in water and at room temperature from the 12 wt% NMP solutions of the 
respective copolymers, the surface composition and morphology of the membranes 
were investigated by XPS and SEM, respectively. 
 
XPS Analysis of the PVDF-g-P4VP MF Membranes 
The C 1s core-level spectra of the membranes cast from 12 wt% NMP solutions of 
the pristine PVDF, the ozone-preactivated PVDF, and the PVDF-g-P4VP copolymers 
from different molar feed ratios ([4VP]/[-CH2CF2-]=0.61, 2.44, and 3.66, respectively) 
are shown in Figure 3.4. For the pristine PVDF MF membrane, the C 1s core-level 
spectrum can be curve-fitted with two peak components at the binding energies (BE’s) 
of about 285.8 eV and 290.5 eV, attributable to the CH2 and CF2 species, respectively 
(Ying, 2003). The ratio of the two species, determined from their spectral peak area 
ratio after curve-fitting, is about 1.06. The ratio is in a good agreement with the 
theoretical ratio of 1.0 dictated by the chemical structure of PVDF. The C 1s core-
level spectrum of the PVDF membrane cast from the NMP solution after 15 min of 
ozone pretreatment can be curve-fitted with three peak components at the BE of about 
285.8 eV, 286.2 eV and 290.5 eV, attributable to the CH2 species, the CO species 
created on the PVDF main chains during the ozone preactivation in the NMP solution, 
and the CF2 species, respectively. The C 1s core-level spectrum of the PVDF-g-P4VP 
MF membranes can be curve-fitted with five peak components using the following 
approach. The peak components of about equal intensities at about 285.8 eV and 
290.5 eV are assigned to the CH2 and CF2 species, respectively, of the PVDF main 
chains of the copolymer. The peak components at about 284.6 eV and 285.5 eV are 
assigned to the CH and CN species of the grafted 4VP polymer side chains in the
                                    




























Figure 3.4: XPS C 1s core-level spectra of the MF membranes cast by phase inversion 
from 12 wt% NMP solutions of (a) the pristine PVDF homopolymer, (b) the PVDF 
after 15 min of ozone pretreatment, and the PVDF-g-P4VP copolymers prepared from 
the [4VP]/[-CH2CF2-] molar feed ratios of (c) 0.61, (d) 2.44 and (e) 3.66. 
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copolymers. The peak component at about 286.2 eV is assigned to the CO species 
(Ying, 2003).  
 
The C 1s core-level spectra in Figure 3.4 show that after the ozone preactivation 
and graft copolymerization, the peak intensities of the (CH2)PVDF and CF2 species are 
reduced, especially when the [4VP]/[-CH2CF2-] molar feed ratios are greater than 2. 
The proportion of the CF2 species, determined from the CF2 peak component spectral 
area, decreases from about 48% to about 10% when the [4VP]/[-CH2CF2-] feed ratio 
used for graft copolymerization increases from 0 (the pristine PVDF MF membrane) 
to 3.66. In addition to the actual graft copolymerization, surface enrichment of the 
grafted hydrophilic 4VP side chains has to be taken into account and will be discussed 
in details later. The spectra also indicate that the spectral area ratio of the (CH)4VP 
component at 284.6 eV to that of the CF2 component at 290.5 eV increases with the 
increase in the [4VP]/[-CH2CF2-] feed ratio used for graft copolymerization, 
consistent with the increase in the graft concentration. The surface [N]/[C] ratio for 
the PVDF-g-P4VP MF membrane is determined from the respective N 1s to C 1s 
core-level spectral area ratio. The surface graft concentration of the 4VP polymer on 
the MF membranes, or ([-4VP-]/[-CH2CF2-])surface ratio, is determined from the 
respective [N]/[C] ratio by taking into account the elemental stoichiometries of the 
graft and the fluoropolymer chains, as in the case of the bulk graft concentration. 
Figure 3.5 shows that the surface graft concentration of the 4VP polymer on the 
PVDF-g-P4VP MF membranes increases with the [4VP]/[-CH2CF2-] feed ratio used 
for graft copolymerization. 
 
                                    





















Figure 3.5: Effect of [4VP]/[-CH2CF2-] molar feed ratio on the surface [N]/[C] ratio 
and the surface graft concentration ([-4VP-]/[-CH2CF2-]surface ratio) of the PVDF-g-






















Figure 3.6: Comparison between the bulk graft concentration and the surface graft 
concentration of the PVDF-g-P4VP MF membrane cast by phase inversion from the 
12 wt% NMP solution of the respective PVDF-g-P4VP copolymer. 
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  The bulk graft concentration of the copolymers (determined by element analyses) 
and the surface graft concentration of the corresponding MF membranes fabricated by 
the phase inversion process (determined by XPS analyses) are compared in Figure 3.6. 
It is unambiguous that the surface graft concentration is always higher than the 
corresponding bulk graft concentration. Due to the immiscibility of the more 
hydrophilic 4VP polymer side chains with the hydrophobic PVDF main chains, 
surface enrichment of the hydrophilic component occurs in the copolymer membranes 
during the phase inversion process in water. 
 
Surface Morphology of the PVDF-g-P4VP MF Membranes 
 The dependence of the surface morphology of PVDF-g-P4VP MF membranes on 
the graft concentration was investigated by SEM. The SEM images, obtained at a 
magnification of 5000×, for the MF membranes cast by the phase inversion technique 
at 25oC from the 12 wt% NMP solutions of the pristine PVDF powders and three 
PVDF-g-P4VP copolymers (bulk graft concentration or [-4VP-]/[-CH2CF2-]bulk 
=0.038, 0.068 and 0.083, respectively) are shown in Figure 3.7. The SEM results 
indicate that the membranes cast from the NMP solutions of the PVDF-g-P4VP 
copolymer samples have a higher porosity than that cast from the NMP solution of the 
pristine PVDF and the pore size appears to increase with the bulk graft concentration 
of 4VP polymer in the copolymers. In the presence of the more hydrophilic 4VP 
polymer side chains, surface enrichment of the 4VP polymers takes place during 
phase inversion in water to maximize the interfacial interaction between the pore 
surface and water, resulting in an increase in the pore size. For the PVDF-g-P4VP MF 
membrane with a high graft concentration, mass migration and accumulation of the 
4VP chains at the water-PVDF interface during phase inversion readily give rise to a  
                                    



























Figure 3.7: SEM micrographs of the MF membranes cast by phase inversion from the 
12 wt% NMP solution of (a) the pristine PVDF, and the PVDF-g-P4VP copolymers 
of bulk graft concentrations ([-4VP-]/[-CH2CF2-]bulk ratios) of (b) 0.038, (c) 0.068 and 
(d) 0.083. 
(a) Pristine PVDF Membrane (b) PVDF-g-P4VP Membrane [-4VP-]/[-CH2CF2-]bulk = 0.038 
15 kV 5000×    5 µm    p6v3_F2 
(c) PVDF-g-P4VP Membrane 
[-4VP-]/[-CH2CF2-]bulk = 0.068 
 
15 kV 5000×    5 µm    p6v3_F2 
(d) PVDF-g-P4VP Membrane 
[-4VP-]/[-CH2CF2-]bulk = 0.083 
 
15 kV 5000×    5 µm    p6v3_F2 
15 kV 5000×    5 µm    p6v3_F2 
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large pore size. 
 
3.1.2.3 Pore-Size Measurements and pH-Sensitive Flux Behavior through the 
PVDF-g-P4VP MF Membranes  
 
Pore-Size Measurements of the PVDF-g-P4VPMF Membranes 
The pore sizes of the various PVDF-g-P4VP MF membranes were measured on a 
Coulter Porometer II apparatus using the commercial fluid Porofil® as the wetting 
agent. The Porofil®-wetted membrane samples were subjected to an increasing 
pressure from 0.1 to 8.6 kg/cm2 exerted by nitrogen. As the imposed pressure 
increases, it will reach a point at which it can overcome the surface tension of the 
liquid in the largest pores and will push the liquid out. The pressure is termed the 
minimum bubble point and corresponds to the measurement of maximum pore size. 
Increasing the pressure will further allow the gas to flow through smaller pores until 
all the pores have been emptied. 
The result is governed by the Washburn equation (Ying, 2003):  
                                     P r = 2 γcosθ =32 mN/m                                           …(3.2) 
where P is the pressure, r is the average pore radius of the measured membrane 
sample, and γcosθ is the Wilhelmy surface tension. The average pore sizes of the 
various MF membranes cast from the PVDF-g-P4VP graft copolymers of different 
graft concentrations are shown in Table 3.1. It indicates that the average pore size of 
the PVDF-g-P4VP MF membrane increases with the graft concentration of the 4VP 
side chains in the copolymer. 
 
The pore size decreases drastically with the increase in concentration of the 
PVDF-g-P4VP copolymer in the casting solution. At a low copolymer solution 
concentration, the extraction of the solvent from the bulk and the polymer-solvent 
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Table 3.1: Pore Size Distribution of the PVDF-g-P4VP MF Membranes@ 
Molar Feed Ratio  
[4VP]/[-CH2CF2-
] 
Bulk Graft Conc. 
[-4VP-]/[-
CH2CF2-] 
pH Value of 
Casting 
Bath 









(a) Effect of Bulk Graft Conc. on the Pore-Size Distribution 
0.61 0.038 6 12 wt% 0.23 2.l4 0.95 
1.22 0.041 6 12 wt% 0.33 2.84 1.03 
1.83 0.056 6 12 wt% 0.26 2.94 1.08 
2.44 0.058 6 12 wt% 0.37 2.14 1.23 
3.05 0.068 6 12 wt% 0.39 2.28 1.31 
3.66 0.083 6 12 wt% 0.48 3.62 1.38 
                                                        (b) Effect of Solution Conc. on the Pore-Size Distribution  
2.44 0.058 6 10 wt% 0.23 2.52 1.83 
2.44 0.058 6 12 wt% 0.37 2.14 1.23 
2.44 0.058 6 15 wt% 0.16 0.72 0.22 
(a) Cast in doubly distilled water 
(b) Cast in doubly distilled water  
@ For the commercial PVDF membranes with standard pore diameters d=0.45 and 0.65 µm: 
PVDF (d=0.45µm): Max pore size=1.86µm; Min pore size=1.17µm; Mean pore size=1.41µm 
PVDF (d=0.65µm): Max pore size=2.40µm; Min pore size=1.42µm; Mean pore size=1.96µm
                                    
                                                  
75
phase is facilitated. As a result, larger pore sizes are obtained for the PVDF-g-P4VP 
MF membranes cast from the copolymer solution of lower concentration. The 
commercial PVDF membranes with d=0.45 µm and d=0.65 µm were selected as the 
pristine PVDF MF membranes for the comparative flux studies in the present work. 
 
The effect of the pH of the aqueous casting bath on the mean pore size and the 
surface composition of the PVDF-g-P4VP MF membrane is shown in Figure 3.8. The 
pore size of the MF membranes increases gradually with the increase in proton 
concentration (decrease in pH value) of the casting bath. On the contrary, the surface 
graft concentration of the P4VP segments on the respective MF membranes, as 
determined by XPS analysis, decreases when the pH value of the casting bath is 
decreased from 6 to 1. Figure 3.9 shows the changes in the C 1s core-level lineshape 
of the PVDF-g-P4VP MF membranes with the pH of the aqueous casting bath. The 
pyridine groups interact with protons via hydrogen bonding and protonation (see also 
below) when the membrane is cast in an aqueous acid solution, leading to the 
formation of the positively charged pyridine groups on the MF membrane surfaces. 
Because of the electrostatic repulsion among the positively charged pyridine groups 
on the membrane surface, including the pore surfaces, at the low pH value of the 
casting bath, the pore size is enhanced while the surface concentration of the 4VP 
segments is reduced substantially. Thus, the higher extent of electrostatic repulsion 
has effectively limited the migration of P4VP segments from the bulk of polymer 
matrix to the membrane surfaces during the phase inversion process. On the other 
hand, hydration of positively charged ions may decrease the surface energy and as a 
result, enhance the surface concentration of 4VP.  
 
                                    


















Figure 3.8: Effect of pH of the casting bath on the surface graft concentration (([-
4VP-]/[-CH2CF2-]surface ratio) and the mean pore radius of PVDF-g-P4VP (([-4VP-]/[-
CH2CF2-]bulk=0.056) MF membranes cast from 12 wt% NMP solution in aqueous HCl 
solution with specific pH value. Sodium chloride was added to fix the ionic strength 



























Figure 3.9: Effect of pH of the casting bath on the C 1s core-level lineshape of the 
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pH-Dependant Flux Behavior of Aqueous Solutions through the PVDF-g-P4VP 
MF Membranes 
 
The pH-dependant flux behavior of aqueous solutions through the PVDF-g-P4VP 
MF membranes is shown in Figure 3.10. The permeability of aqueous solutions 
through the pristine PVDF MF membranes is pH-independant (Curves 3 and 4). On 
the other hand, the flux of the aqueous solution through the PVDF-g-P4VP MF 
membranes exhibits a pH-dependant behavior. The permeation rate increases with the 
increase in solution pH value from 1 to 6 (Curves 4 and 5). The pH-dependant flux 
behavior is opposite to that of the MF membranes prepared from PVDF with 
poly(acrylic acid) grafted side chains (Curve 1) (Ying, 2003). Furthermore, the 
sensitivity of the pH-dependant change in flux of the aqueous solution through the 
PVDF-g-P4VP MF membrane is enhanced by the increase in the 4VP polymer graft 
concentration. 
 
The change in permeability or flux in response to the change in solution pH can be 
attributed to the change in conformations of the graft chains on the membrane surface, 
especially on the pore surfaces. Due to the non-ionizablity of the polymer chains in 
the pristine PVDF MF membranes, the polymer chain conformation and the 
membrane pore dimension will remain constant at all pH values. On the other hand, as 
a weak base, the pyridine groups of the grafted 4VP side chains are protonated and 
become complexed in an acid solution. The resulting ionic character and the 
electrostatic repulsion among the positively charged pyridinium nitrogen atoms 
overcome the hydrophobic interactions among the alkyl segments of the chains. The 
uncoiling of the polymer side chains and their interactions with the aqueous solution 
lead to an extended conformation in the pores (Tonge, 2001). As a result, the effective 
pore dimension, and thus the permeability of the aqueous solution through the MF 
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membrane, is reduced. The present pH-dependant flux results for the aqueous solution 
differ from the pH-dependant flux behavior of the aqueous solution through the MF 
membrane prepared from PVDF with grafted acid polymer side chains, in particular, 
the PVDF with grafted poly(acrylic acid) side chains (PVDF-g-PAAc copolymers) 
(Ying, 2003).  
 
As a weak acid (pKa=4.3), the carboxylic groups of the PVDF-g-PAAc copolymer 
can be ionized, or deprotonated, readily to become negatively charged. With 
increasing pH values (pH>3) of the solution, most of the carboxylic groups are 
transformed into carboxylic ions. Strong electrostatic repulsion among the carboxylic 
ions, together with their strong interaction with the aqueous solution, forces the AAc 
polymer side chains to adopt a highly extended conformation. The extension of the 
AAc polymer side chains into the pores reduces the effective pore dimension, and 
results in the reduced permeability of the aqueous solution of a high pH value through 
the PVDF-g-PAAc MF membrane. Thus, the present PVDF-g-P4VP MF membranes, 
prepared from PVDF with grafted basic polymer (4VP polymer) side chains, 
complement the PVDF-g-PAAc MF membranes in regulating the flux of the aqueous 
solutions in the pH range of 1 to 7. 
 
3.1.2.4 Interaction of the 4VP Polymer with Protonic Acids  
For the nitrogen-containing species, such as pyridine and imidazole, hydrogen 
bonding with the proton-donating species, such as phenols, carboxylic acids, 
inorganic acids and water, occurs readily (Xiang, et al.，1997；Houben et al., 1996; 
Schlucker et al., 2002; Goh et al., 1996; Jiao et al.; 2002). Thus, the pyridine groups 
                                    










Figure 3.10: pH-dependant water permeability through the pristine PVDF, PVDF-g-
PAAc and PVDF-g-P4VP MF membranes. Curves 1 and 2 are obtained from two 
PVDF-g-PAAc MF membranes with graft concentrations ([-AAc-]/[-CH2CF2-]surface 
ratios) of 0.97 and 0.13, respectively; Curves 3 and 4 are from fluxes through the 
commercial PVDF membranes (standard pore diameters: d=0.65 and 0.45 µm, 
respectively); Curves 5 and 6 are obtained from two PVDF-g-P4VP MF membranes 
with graft concentrations ([-4VP-]/[-CH2CF2-]surface ratios) of 0.55 and 0.13, 























Figure 3.11: XPS N 1s core-level spectra of four MF membranes cast by phase 
inversion from a 12 wt% NMP solution of the PVDF-g-P4VP copolymer ([-4VP-]/[-
CH2CF2-]surface= 0.55) and after being immersed for 5 min in aqueous solutions of 
different pH value: (a) pH=6, (b) pH=3, (c) pH=2 and (d) pH=1 
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of the grafted P4VP side chains can become involved in two types of interaction in 
acidic solutions, viz., hydrogen bonding and pyridine protonation, that lead to the 
observed pH-dependant flux of the aqueous solutions through the PVDF-g-P4VP MF 
membrane. In order to investigate the interaction of the 4VP side chains in the acid 
solutions, XPS was employed to study the variation in the chemical state of the 
elemental nitrogen of the pyridine group after the PVDF-g-P4VP MF membrane has 
been exposed to acidic solutions of different pH values for 5 min and dried by 
pumping under reduced pressure overnite. The N 1s core-level spectra of the resulting 
membranes are shown in Figure 3.11. The XPS spectra can be curve-fitted with three 
components using the following approaches. The main peak component at about 
398.5 eV is assigned to the imine (-N=) moiety of the pyridine rings, the peak 
component at about 399.5 eV is assigned to the hydrogen-bonded imine, and the peak 
component at about 400.8 eV is assigned to the protonated pyridinium ions (Tan et al., 
1990; Liu et al., 1999; Li et al., 1998). The latter species has been reported to undergo 
a positive BE shift of 2.1~2.5 eV from the neutral pyridine nitrogen (Tan et al., 1990; 
Li et al., 1998). The N 1s spectra in Figure 3.11 clearly indicate that, when the proton 
concentration is low, or when the pH value is higher than 2, the main form of 
interaction is hydrogen bonding. The percentage of N atoms involved in the hydrogen 
bonding increases from 9% to 21% when the pH value of the solution decreases from 
6 to 3. When the pH value of the solution is decreased to 2, protonation of pyridine 
becomes significant. The percentages of imine groups involved in hydrogen bonding 
and protonation are about 21% and 7%, respectively. When the solution pH is further 
decreased to 1, the main form of interaction switches from hydrogen bonding to 
protonation or the formation of the pyridinium ions. The proportion of protonated 
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imine groups increases to 19%, while that of imine groups involved in hydrogen 
bonding is reduced to 14%. 
 
3.1.3 Conclusion 
A new graft copolymer, PVDF-g-P4VP, was successfully synthesized through the 
molecular graft copolymerization of 4VP with the ozone-preactivated PVDF 
backbone in NMP solution. The MF membranes prepared from the PVDF-g-P4VP 
copolymers of different graft concentrations by the phase inversion technique in water 
showed enrichment of the hydrophilic 4VP polymer on the surface. The mean pore 
size of the PVDF-g-P4VP MF membranes increased with the increasing 4VP polymer 
graft concentration, the decreasing pH value of the casting bath, and the decreasing 
concentration of the casting solution. The flux of the aqueous solution through the 
PVDF-g-P4VP MF membranes exhibited a strong dependence on solution pH in the 
pH range of 1 to 6, arising from the interaction of the grafted 4VP polymer on the 
pore surface with the aqueous solution through the hydrogen bonding and protonation. 
The present study has shown that molecular functionalization by graft 
copolymerization prior to membrane fabrication is a relatively simple and effective 
approach to the preparation of membranes with well-controlled pore size, uniform 
surface composition (including the composition of pore surface), and pH-sensitive 
flux properties. 
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3.2 pH- and Temperature-Sensitive Microfiltration Membranes from Blends of 




3.2.1.1 Materials and Reagents  
PVDF, 4VP and NMP were same as in Section 3.1. Poly(N-isopropylacrylamide) 
(PNIPAm) ( MW=20,000~30,000) was purchased from Aldrich Chemical Company 
of Milwaukee, WI, USA. It was used as received.   
 
3.2.1.2 Fabrication of the Microfiltration (MF) Membranes  
The MF membranes were prepared by phase inversion. The PVDF-g-P4VP 
copolymer was synthesized as in the Section 3.1. The monomer feed ratio, defined as 
the [4VP]/[-CH2CF2-] molar ratio, used for the graft copolymerization, was 2.55 and 
the reaction time was fixed at 3 h. The bulk [N]/[C] ratio of the copolymer so-
obtained was determined to be 0.025 from elemental analysis. The bulk graft 
concentration, defined as the number of 4VP repeat units per repeat unit of PVDF, or 
the ([-4VP-]/[-CH2CF2-])bulk ratio, was calculated to be 0.06. After filtration and 
purification, the PVDF-g-P4VP copolymer powders were re-dissolved in NMP. 
PNIPAm was added to achieve the desirable blend ratio, defined as the number of 
NIPAM repeat units per repeat unit of PVDF, or the ([-NIPAM-]/([-CH2CF2-])solution 
molar ratio. The polymer concentration of the casting solution, on the other hand, was 
based on the total weight of polymer blend in the solution. The polymer solution was 
cast onto a glass plate. The glass plate was subsequently immersed in doubly distilled 
water. After the membrane had detached from the glass plates, it was extracted in a 
second bath of doubly distilled water at 70oC for several minutes. The purified MF 
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membrane was dried by pump under reduced pressure for the subsequent 
characterization.  
 
3.2.1.3 Composition Analyses  
The carbon, nitrogen and hydrogen elemental contents were determined in the 
similar approach in Section 3.1. The bulk graft concentration of the PVDF-g-P4VP 
copolymer used in this studied, or the ([-4VP-]/[-CH2CF2-])bulk ratio, is determined to 
be about 0.06.  
For the PVDF-g-P4VP/PNIPAM MF membrane, its ([N]/[C])bulk ratio was also 
determined directly from elemental analyses. The bulk concentration, or the ([-
NIPAm-]/[-CH2CF2-])bulk ratio, is determined from the ([N]/[C])bulk ratio according to 
Equation (3.2): 
([-NIPAm-]/[-CH2CF2-])bulk=(2([N]/[C]bulk)+7×0.06×([N]/[C])bulk-0.06)/(1-
6×([N]/[C])bulk)                                                    …(2) 
where the factors 2, 7 and 6 are introduced to account for the fact that there are 2, 7 
and 6 carbon atoms per repeat unit of PVDF, 4VP polymer and PNIPAm, respectively, 
while 0.06 stands for the bulk graft concentration of the PVDF-g-P4VP copolymer 
used in this study. 
 
3.2.1.4 Membrane Characterizations  
The morphology, pore-size distribution and surface composition of the MF 
membranes were studied by scanning electron microscopy, liquid-displacement 
porosimetry and X-ray photoelectron spectroscopy, respectively, as in the Section 3.1.  
For the measurements of the temperature- and pH-dependant flux through the 
blend membranes, the blend membrane was immersed in an aqueous solution of 
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prescribed pH and temperature, before being mounted on the micro-filtration cell 
(Toyo Roshi UHP-25, Tokyo, Japan). An aqueous solution of the same prescribed pH 
and temperature, and at a fixed ionic strength of 0.1 mol/L, was added to the cell. The 
flux was calculated from the volume of permeate as a function of time. The micro-
filtration cell containing the permeate was kept in a thermostated water bath for at 
least 20 min before the flow was initiated. The permeate temperature was checked by 
a thermometer installed at the outlet of the filtration cell.  
 
3.2.2 Results and Discussion 
3.2.2.1 Blending of the PVDF-g-P4VP Copolymer with PNIPAm and Fabrication 
of the PVDF-g-P4VP/PNIPAm MF Membrane 
  
Details on the synthesis and characterization of the PVDF-g-P4VPcopolymer have 
been reported earlier. In this work, elemental analysis was employed to determine the 
composition of the PVDF-g-P4VP copolymer used for blending with PNIPAm, as 
well as that of the resulting PVDF-g-P4VP/PNIPAm MF membranes. The 
([N]/[C])bulk ratio of the pristine PVDF-g-P4VPmembrane and the PVDF-g-
P4VP/PNIPAm MF membranes cast from different solution blend ratio, or the ([-
NIPAm-]/[-CH2CF2-])solution ratio, are compared to ([N]/[C])bulk ratio pre-determined 
when preparing the blend in the casting solution. Figure 3.12 indicates that the 
([N]/[C])bulk ratio and the bulk blend concentration, or the ([-NIPAm-]/[-CH2CF2-])bulk 
ratio of PVDF-g-P4VP/PNIPAm MF membrane, increases with the increase in the 
blend ratio used for membrane fabrication, or the ([-NIPAM-]/([-CH2CF2-])solution ratio. 
Figure 3.12 also suggests that the ([N]/[C])bulk ratio determined from elemental 
analysis is smaller than the theoretical ([N]/[C])bulk ratio calculated from the solution 
blend ratio, so it can be concluded that part of PNIPAm in the blend solution was 
extracted into the coagulation bath during the phase inversion process. 
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3.2.2.2 Surface Characteristics of PVDF-g-P4VP/PNIPAm MF Membranes 
 
After the PVDF-g-P4VP/PNIPAm blend membranes were fabricated, XPS and 
SEM were used to investigate the variation in chemical composition and surface 
morphology, respectively, of the MF membranes. 
 
Surface Morphology of PVDF-g-P4VP/PNIPAm MF Membranes 
 
The dependence of the morphology of the MF membrane on the amount of 
PNIPAM entrapped in the PVDF-g-P4VP matrix was investigated by SEM. The SEM 
images, obtained at a magnification of 5000×, for the MF membranes cast by phase 
inversion at 25oC from the 12 wt% NMP solutions of PVDF-g-P4VP and PNIPAM at 
solution blend ratios of 0.014, 0.029 and 0.061, respectively, are shown in Figure 3.13 
The SEM micrographs in Figure 3.13 indicate that the incorporation of PNIPAM into 
the PVDF-g-P4VP matrix gives rise to a decrease in pore size. This phenomenon is 
probably associated with the fact that a small pore size can lead to a large specific 
surface area, arising from the increased interaction of the hydrophilic 4VP and 
PNIPAM segments at the membrane surface with the aqueous medium during phase 
inversion.  Figure 3.13 also shows that when the blend ratio is no more than 0.029, the 
PVDF-g-P4VP/PNIPAM MF membranes become corrugated at the surface. At the 
higher PNIPAM content, PVDF-g-P4VP/PNIPAM MF membrane adopts to a smooth 
morphology.  
 
As a thermoresponsive polymer, PNIPAM is water-soluble at room temperature, 
but becomes micellized and forms aggregate when the aqueous medium is heated to 
above its LCST (Lowe, 2000). The effect of the temperature of the casting bath on the 
                                    









Figure 3.12: Dependence of the ([N]/[C])bulk ratio and the ([-NIPAm-]/[-CH2CF2-])bulk 
ratio of the PVDF-g-P4VP/PNIPAm blend membranes on the solution blend ratio: (a) 
























Figure 3.13: SEM micrographs of the PVDF-g-P4VP/PNIPAm MF membranes cast 
by phase inversion in water (pH=6) at room temperature from the 12 wt% NMP 




































(a) PVDF-g-P4VP Membrane,  
    ([N]/[C])bulk= 0.025 
 (c) PVDF-g-P4VP/PNIPAm Membrane 
      ([N]/[C])bulk= 0.029 
(b) PVDF-g-P4VP/PNIPAm Membrane 
      ([N]/[C])bulk= 0.027 
(d) PVDF-g-P4VP/PNIPAm Membrane      
([N]/[C])bulk= 0.032 
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SEM. Figure 3.14 shows the SEM images, obtained at a magnification of 2000×, of 
the PVDF-g-P4VP/PNIPAM MF membranes (blend ratio=0.029) cast by phase 
inversion in a coagulation bath at temperatures of 0oC, 25oC, 45oC and 70oC, 
respectively. The SEM images in Figure 3.14 clearly suggest that the membranes cast 
at temperatures below the LCST of PNIPAM have a much smaller pore dimension 
than those cast at temperatures above 32oC.  
 
The dependence of the surface morphology of the PVDF-g-P4VP/PNIPAM MF 
membranes on pH value of the coagulation bath was also investigated by SEM. Figure 
3.15 shows the SEM images, obtained at a magnification of 2000×, of the PVDF-g-
P4VP/PNIPAM MF membrane (blend ratio = 0.061) cast in aqueous media of 
different pH values (pH=6 and 2, respectively) by phase inversion at room 
temperature. Sodium chloride was added into the bath to fix the ionic strength at 
0.1mol/L. The SEM images in Figure 3.15 suggest that the MF membrane cast at a 
lower pH value has a larger pore size than that cast at higher pH values. When cast in 
aqueous solution of different pH values, pyridine rings are involved in various 
degrees of interaction with the aqueous media. They become positively charged at 
low pH values. The electrostatic repulsion among the positively charged pyridine 
groups on the membrane surface enhances the pore sizes of the MF membrane when 
cast at the low pH values (high proton concentration).  
 
XPS Analysis of the PVDF-g-P4VP/PNIPAm MF Membranes 
 
The C 1s core-level spectra of the PVDF-g-P4VP/PNIPAm MF membranes cast 
from 12 wt% NMP solutions of the polymer blends are shown in Figure 3.16. For the 
PVDF-g-P4VP MF membrane (part (a)), the C 1s core-level spectrum can be curve- 
fitted with four peak components using the following strategy. The peak components
                               



























Figure 3.14: SEM micrographs of the PVDF-g-P4VP/PNIPAm MF 
membranes cast by phase inversion from the 12 wt% NMP solution 
of PNIPAm content of 0.029 in water (pH=6) at different 





















Figure 3.15: SEM micrographs of the PVDF-g-P4VP/PNIPAm MF 
membranes cast by phase inversion from the 12 wt% NMP solution 
(([-NIPAm-]/[-CH2CF2-])=0.061) in water at room temperature (the 
ionic strength is fixed at 0.1 mol/L) of different pH (1) 6 and (2) 1, 
respectively.  
(d) PVDF-g-P4VP/PNIPAm   
      Membrane, Cast at 70oC 
(a) PVDF-g-P4VP/PNIPAm  
      Membrane, Cast at 0oC 
(b) PVDF-g-P4VP/PNIPAm  
      Membrane, Cast at 25oC 
(c) PVDF-g-P4VP/PNIPAm     
      Membrane,   Cast at 45oC 
(a) PVDF-g-P4VP/PNIPAm Membrane  
      Cast bath: 25 oC, pH=6, Ionic Strength=0.1 mol/L 
(b) PVDF-g-P4VP/PNIPAm Membrane  
      Cast bath: 25 oC, pH=1, Ionic Strength=0.1 mol/L 
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of about equal intensities at the BE’s of about 285.8 eV and 290.5 eV are assigned, 
respectively, to the CH2 and CF2 species of the PVDF main chains of the copolymer. 
The peak components at the BE’s of about 284.6 eV and 285.8 eV are assigned to the 
CH and CN species of the grafted 4VP polymer side chains in the copolymers (Ying, 
2003). For the PVDF-g-P4VP/PNIPAm MF membranes, the C 1s core-level spectra 
can be curve-fitted using the following approach. Besides the peak components 
associated with the PVDF-g-P4VP, the carbon species at the PNIPAm backbone and 
the CN species of PNIPAm occurs at the BE’s of about 284.6 and 285.8 eV, 
respectively, similar to those of the 4VP polymer side chains. In addition to the four 
peaks mentioned above, the peak component at the BE’s of about 287.4 eV is 
assigned to the HNC=O species of the PNIPAm (Ying 2003).  
 
The C 1s core-level spectra in Figure 3.16 show that due to the presence of 
PNIPAm on the membrane surface, the peak intensity of the CF2 species decreases 
with the increase in PNIPAm content. The proportion of the CF2 species, determined 
from the CF2 peak component spectral area, decreases from 27% to 9%, when the 
blend ratio increases from 0 (PVDF-g-P4VP MF membrane) to 0.061. On the other 
hand, Figure 3.14 also showed that the percentage of the HNC=O species of the 
PNIPAm segments, determined in a similar manner to that of the CF2 species, 
increases gradually from 0 to 7.5% with the blend ratio increases from 0 (PVDF-g-
P4VP MF membrane) to 0.061.  
 
The surface blend concentration of the PNIPAm on the PVDF-g-P4VP/PNIPAm 
blend membranes, or the ([-NIPAm-]/[-CH2CF2-])surface ratio, is directly determined 
                                    

















































Figure 3.16: XPS C 1s core-level spectra of the PVDF-g-P4VP/PNIAPm MF 
membranes cast by phase inversion in water at room temperature from 12 wt% NMP 
solutions of different blend ratio (a) 0, (b) 0.014, (c) 0.045, and (d) 0.061 
C 1s  


















a) PVDF-g-P4VP MF           
     Membrane  
(b) PVDF-g-P4VP/PNIPAm  
      MF Membrane  
      Blend ratio=0.014 
(c) PVDF-g-P4VP/PNIPAm   
      MF Membrane 
     Blend ratio=0.045 
(d) PVDF-g-P4VP/PNIPAm  
      MF Membrane  
      Blend ratio=0.061 
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from the XPS spectral area ratios of the HNC=O species of the PNIPAM segments 
and CF2 species of the PVDF backbones. Figure 3.17 shows the comparison between 
the bulk and surface blend concentration of the P4VP-g-PVDF/PNIPAm membranes 
cast from solution of different blend ratio. It is unambiguous that although both the 
bulk blend concentration and the bulk concentration increases with the increase in the 
solution blend ratio, the surface concentration is tens times higher than the bulk 
concentration. Although such a surface enrichment of PNIPAm chains had been 
observed in the MF membranes, it occurs much more significantly in the PVDF-g-
P4VP/PNIPAm blend membrane than in the MF membrane prepared from the PVDF 
with PNIPAm side chains (the PVDF-g-PNIPAm copolymer) (Ying, 2003). It 
probably results from the fact that, in comparison to the grafted PNIPAm side chains, 
the hydrophilic PNIPAm homopolymers were much less hindered during the 
migration from the polymer matrix to the membrane surface to maximize the 
interfacial interaction with the aqueous media during the phase inversion process.  
 
3.2.3 Pore Size of the PVDF-g-P4VP/PNIPAm MF Membranes 
 
 
The pore sizes of the PVDF-g-P4VP/PNIPAm MF membranes cast under various 
conditions, such as polymer solution concentration, pH value, temperature and ionic 
strength of the coagulation bath, were measured on a Coulter Porometer II apparatus 
using the commercial liquid Porofil® as the wetting agent, as reported before.  
The average pore sizes of the various PVDF-g-P4VP/PNIPAm MF membranes 
cast from the polymer solution in NMP (blend ratio =0.029) in the casting bath of 
different pH value are shown in Table 1. Besides the polydispersity in the pore-size 
distribution, the mean pore size of the MF membrane increases with the increase in 
proton concentration (decrease in pH value) of the casting bath. The pyridine rings
                                    


















Figure 3.17: Dependence of the surface and bulk [-NIPAm-]/[-CH2CF2-] molar ratio 
of the P4VP-g-PVDF/PNIPAm blend membranes on the blend (mole) ratio for 























Figure 3.18: pH- and temperature-dependant flux behavior of aqueous solution 
through the PVDF-g-P4VP/PNIPAm blend membranes. Curves 1 and 2 are obtained 
from PVDF-g-P4VP/PNIPAm blend membranes (([-NIPAm-]/[-CH2CF2-]bulk)=0.061, 
and 0.029, respectively). Curves 3 and 4 are obtained from blend membranes 
membranes (([-NIPAm-]/[-CH2CF2-]bulk)=0.061, and 0.029, respectively). Curves 3 
and 4 are from the fluxes through the PVDF-g-P4VP/PNIAPm MF membrane (([-
NIPAm-]/[-CH2CF2-])=0.045, and 0.014, respectively).  
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interact with protons via hydrogen bonding and protonation when the membrane is 
cast in an aqueous acid solution, leading to the formation of the positively charged 
pyridine groups on the MF membrane surfaces. Because of the electrostatic repulsion 
among the positively charged pyridine groups on the membrane surface at low pH 
values of the casting bath, the pore size is enhanced.  
 
The effect of the temperature of the casting bath on the pore-size distribution of 
the MF membrane (blend ratio = 0.029) was also studied. The results are also shown 
in Table 3.2. Due to the presence of thermoresponsive PNIPAm, the hydrophilic 
nature of the MF membrane surface decreases with the increase in the temperature of 
the casting bath during phase inversion, especially when the temperature of the 
casting bath is above 32oC. As a result, PVDF-g-P4VP/PNIPAm MF membrane tends 
to form a larger specific surface area (smaller pore size) when cast in a bath at lower 
temperature than that at higher temperature. 
 
The dependence of the pore-size distribution of PVDF-g-P4VP/PNIPAm MF 
membranes (blend ratio = 0.029) on the ionic strength of the casting bath is shown in 
Table 3.2. The mean pore size of the MF membrane decreases with the increase in the 
ionic strength of the casting bath with a presence of high proton concentration (pH=1). 
Our previous studies have shown that most pyridine rings can be protonated to form 
pyridinium cations when they interact with the aqueous solution of pH 1. The neutral 
4VP polymer side chains are transformed into the positively charged polyelectrolyte 
side chains to some extent (Kee, 2002). At casting bath of low ionic strength (0.1 
mol/L), the electrostatic repulsion among the positively charged pyridine rings 
maximizes the pore dimension to reduce the repulsion. When cast in the bath of
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Table 3.2: Pore Size Distribution of the PVDF-g-P4VP/PNIPAm MF Membranes@ 
Blend 
Ratio 




















(a) Effect of pH Value of the Casting Bath on the Pore-Size Distribution 
0.029 6 25 0.1 12 wt% 0.20 2.33 1.15 
0.029 4 25 0.1 12 wt% 0.23 3.62 1.23 
0.029 3 25 0.1 12 wt% 0.23 3.18 1.45 
0.029 2 25 0.1 12 wt% 0.84 2.89 1.51 
0.029 1 25 0.1 12 wt% 0.50 3.18 1.67 
(b) Effect of Temperature of the Casting Bath on the Pore-Size Distribution 
0.029 6 0 0 12 wt% 0.73 2.56 1.21 
0.029 6 25 0 12 wt% 0.35 2.85 1.35 
0.029 6 45 0 12 wt% 0.29 3.18 1.90 
0.029 6 70 0 12 wt% 1.48 5.00 2.36 
(c) Effect of Ionic strength of the Casting Bath on the Pore-Size Distribution 
0.029 1 25 0.1 12 wt% 0.50 3.18 1.67 
0.029 1 25 0.3 12 wt% 0.20 1.84 0.96 
0.029 1 25 0.5 12 wt% 0.66 1.84 0.92 
0.029 1 25 0.7 12 wt% 0.20 1.52 0.71 
0.029 1 25 1 12 wt% 0.25 1.72 0.67 
                                  (d) Effect of Polymer Concentration on the Pore-Size Distribution 
0.061 6 25 0 10% 0.23 5.00 1.94 
0.061 6 25 0 12% 0.25 1.84 0.69 
0.061 6 25 0 15% 0.12 0.61 0.18 
 (a) and (c) Hydrochloride and sodium chloride are added into the casting bath to achieve the desirable pH and ionic strength,  
Respectively; (b) and (d) Cast in doubly distilled water.  
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high ionic strength, such electrostatic repulsion is shielded by the cations (hydrogen 
ions and sodium ions) and anions (chloride ions) dissolved in the casting bath, (the so-
called polyelectrolyte effect). As a result, the mean pore size is reduced due to the 
decrease in the electrostatic repulsion. 
 
The pore size of the PVDF-g-P4VP/PNIPAm MF membranes is also dependant 
on the copolymer concentration of the casting solution, as shown in Table 3.2. The 
pore size decreases drastically with the increase in polymer concentration of the 
casting solution. At a low polymer concentration, the extraction of the solvent from 
the bulk matrix, and thus the polymer-solvent phase separation, are facilitated. As a 
result, larger pore sizes are obtained for the MF membranes cast from the copolymer 
solution of lower concentration. The pore-size measurement results of the PVDF-g-
P4VP MF membranes also indicates that the pore-size distribution of the PVDF-g-
P4VP/PNIPAM MF membranes is between those of the commercially-available 
hydrophilic PVDF MF membranes with standard pore size of 0.45µm and 0.65µm, 
respectively. Thus, these two commercial PVDF MF membranes are used for the 
comparative study of the flux behaviour of aqueous solution through the PVDF-g-
P4VP/PNIPAM MF membranes in the later part of this work. 
 
3.2.2.3 Stimuli-Responsive Permeability of Aqueous Solution through the PVDF-
g-P4VP/PNIPAm MF Membranes 
 
The simultaneous pH and temperature-dependant flow rates of aqueous solution 
through the PVDF-g-P4VP/PNIPAm blend membranes are shown in Figure 3.18. The 
imposed pressure to achieve such flow rates are 0.03 kg/cm2 for Curve 1, 0.06kg/cm2 
for Curve 2 and 0.03kg/cm2 for Curve 3 and 0.20 kg/cm2 for Curve 4, respectively. 
The PVDF-g-P4VP/PNIPAm blend membranes exhibit an increase in permeation rate 
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in response to the increase in the permeate temperature. The temperature-dependant 
permeation rate probably has resulted from the change in conformation of the 
PNIPAm polymer on the surface (including the pore surfaces) and sub-surface of the 
blend membrane. At a permeate temperature below the LCST of the PNIPAm 
polymer, the PNIPAm polymer are hydrophilic. Thus, the PNIPAm chains assume an 
extended conformation on the surface and in the near-surface regions of the pores, 
reducing the permeation rate of the aqueous solution. On the other hand, at permeate 
temperatures above the LCST, the PNIPAm polymer chains associate 
hydrophobically on the membrane pore surface and near-surface regions, resulting in 
the opening of the pores of the membrane, and hence the observed increase in the 
permeation rate. 
 
The changes in permeation rate of the blend membranes in response to the 
changes in permeate pH may be attributed to the change in conformation of the 
grafted 4VP side chains of the PVDF-g-P4VP/PNIPAAM blend membrane. 
Diametrically opposite to AAc, pyridine group can become protonated (positively 
charged) at low pH, leading to electrostatic repulsion among the charged pyridine 
groups. The 4VP side chains are forced to switch from the coiled conformation to an 
extended one, resulting in a decrease in the effective pore dimension and, thus, the 
permeability to aqueous media of low pH. 
 
3.2.2.4 pH-Induced Transition in the Chemical States on Pyridine Nitrogen 
In order to elucidate the process and mechanism underlying stimuli-responsive 
permeability of the PVDF-g-P4VP/PNIPAm MF membranes to permeate pH, XPS is 
employed to investigate the variation in chemical states. After the MF membranes 
were flown through by aqueous solution of different pH value for 10 min and dried 
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under reduced vacuum, the N 1s XPS core-level spectra of the resulting PVDF-g-
P4VP and PVDF-g-P4VP/PNIPAm MF membranes are shown in Figure 3.19. Non-
volatile perchloric acid (HClO4) and sodium chloride were added to the aqueous 
solution to achieve the desirable pH value and to fix the ionic strength at 0.1M, 
respectively. Previous studies have suggested that pyridine ring can be involved in 
two kinds of interaction, viz. protonation and hydrogen bonding, with water, acid and 
amide species in aqueous media. The XPS spectra can be curve-fitted with three 
components using the following approaches. The main peak component at about 
398.5 eV is assigned to the neutral nitrogen (amine of the pyridine rings and amide of 
PNIPAM) (Moulder, 1992). The peak component at about 399.5 eV is assigned to the 
hydrogen-bonded nitrogen species, and the peak component at about 400.8 eV is 
assigned to the protonated pyridinium ions.  
 
The N 1s core-level spectra in Figure 3.19 clearly indicates, when the proton 
concentration is low, or when the pH value is higher than 2, the main form of 
interaction is hydrogen bonding. For PVDF-g-P4VP and PVDF-g-P4VP/PNIPAm MF 
membrane, protonation becomes significant only when the pH value is decreased to 2 
and 1, respectively. On the other hand, in comparison to the PVDF-g-P4VP MF 
membrane, the PVDF-g-P4VP/PNIPAm exhibits a less strong interaction with the 
aqueous acid solution of same pH value. Different from that of PVDF-g-P4VP MF 
membrane, the nitrogen species of the PVDF-g-P4VP/PNIPAm MF membrane 
surface is composed of the tertiary amine of the pyridine rings and the primary amide 
of the PNIPAm. Due to its extremely weak acidic nature, the nitrogen of the amide 
can not be protonated in aqueous acid solution. Hydrogen bonding is only interaction 
with the aqueous solution, leading to a reduced interaction, and thus a reduced
                                    

















































Figure 3.19: XPS N 1s core-level spectra of the PVDF-g-P4VP MF membrane and 
PVDF-g-P4VP/PNIPAm MF membrane (([-NIPAm-]/[-CH2CF2-])=0.029) after being 
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magnitude pH-sensitivity in the flux behaviour of aqueous solution through the 
PVDF-g-P4VP/PNIPAm MF membrane. 
 
3.2.3 Conclusions 
By blending the PVDF-g-P4VP copolymer and PNIPAM homopolymer in NMP, 
PVDF-g-P4VP/PNIPAM MF membrane was fabricated by phase inversion in 
aqueous media. Elemental analyses and XPS suggested the bulk and surface PNIPAM 
content increases with the increase in the blend ratio of PNIPAM. SEM and pore size 
measurements show that the pore size can be increased with an increased in 
temperature, and pH value of casting bath, and the decrease in PNIPAM content, ionic 
strength of the casting bath and polymer concentration of the cast solution. The 
permeation rate of PVDF-g-P4VP/PNIPAM MF membranes increase with the 
increase in the pH value and temperature of the aqueous solution, and the magnitude 
of the pH-sensitivity of PVDF-g-P4VP MF membrane was compromised with the 
temperature-sensitivity by PNIPAM entrapment. XPS revealed that the pH-sensitivity 
of the MF membrane was reduced due to the weakened interaction of the membranes 
surface with the aqueous acidic media. Such strategy proposed a convenient approach 
for fabricating multifunctional and multi-stimuli-responsive MF membranes.  
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4.1.1 Materials and Reagents 
 
PVDF and NMP are same as reported in earlier part.. The monomer, N,N'-
dimethyl(methacryloyl ethyl) ammonium propane sulfonate (DMAPS) was prepared 
according to the methods reported earlier (Chen et al., 2000). The chemical structure 




The solvent for the DMAPS powders, dimethylsulphoxide (DMSO), was obtained 
from Lab-Scan Asia Ltd., Bangkok, Thailand. It was used as received.   
 
4.1.2 Preparation of the PVDF-g-PDMAPS Copolymer and PDMAPS 
Homopolymer 
 
     PVDF NMP solution was ozone-pretreated and graft-copolymerized with 
DMAPS to produce the PVDF-g-PDMAPS copolymer. 30 ml of PVDF NMP solution 
was ozone-pretreated as stated in Section 3.1. A pre-determined quantity of the 
DMAPS monomer was dissolved in 20 ml of DMSO. The monomer solution was 
added to the degassed solution of ozone-preactivated PVDF to achieve the desirable 
[DMAPS]/[-CH2CF2-] molar ratio. After an additional 15 min of argon purging, the 
temperature of the water bath was raised to 60ºC to induce the decomposition of 
peroxide groups on the PVDF chains and to initiate the graft copolymerization of 
DMAPS. A constant flow of argon was maintained during the 3 h of thermal graft 
polymerization. After the reaction, the reaction mixture was cooled in an ice bath and 
the resultant PVDF-g-PDMAPS copolymer was precipitated in an excess amount of 
doubly distilled water. After recovery by filtration, the copolymer was washed 
CH3 
CH2 = C C 
O
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repeatedly in ethanol and water for 48 h. The solvent was changed every 8 h. The 
copolymer sample was recovered and dried by pump under reduced pressure for 
subsequent characterization. The PVDF-g-PDMAPS membrane was prepared from 12 
wt% DMSO solution of the copolymer by phase inversion technique, as reported 
earlier.   
 
PDMAPS was prepared from the free radical homopolymerization of DMAPS. 
Fifty ml of doubly distilled water, 10 g of DMAPS and 0.05 g of ammonium 
peroxydisulfate ((NH4)2S2O8) were introduced into a flask. The temperature of the 
reaction mixture was raised to 60ºC to induce the polymerization reaction. After 24 h 
of reaction, the flask was cooled in an ice bath, and the reaction mixture was 
precipitated in excess NMP. The DMAPS homopolymer (PDMAPS) sample was 
recovered by filtration and dried in a vacuum oven.  
 
4.1.3 Characterization of Polymers and Membranes  
 
For the UV-Vis absorbance spectroscopy of PDMAPS aqueous solution, kown 
amounts of PDMAPS were added into aqueous media of different ionic strength. 
After the homopolymer had been dissolved completely at 70ºC, the absorbance of the 
solution at 500 nm was measured on a UV-Vis-NIR spectrophotometer (Shimadzu 
UV-3101PC scanning spectrophotometer, Kyoto, Japan) under the time course mode. 
The chemical composition of the PVDF-g-PDMAPS copolymer was measured by 
elemental analysis. The carbon, nitrogen and hydrogen elemental contents were 
determined under the similar protocol described before,. Taking into account the 
elemental stoichiometries of both the graft and the fluoropolymer chains, the ([-
DMAPS-]/[-C2CF2-])bulk ratio can be calculated from Equation (4.1) below: 
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([-DMAPS-]/[-CH2CF2-])bulk = 2[N]/([C]-11[N])   … (4.1) 
where the factors 2 and 11 are introduced to account for the fact that there are 2 and 
11 carbon atoms per repeat unit of PVDF and DMAPS polymer, respectively. The 
process of the TGA, XPS, SEM and pore-size measurement is the same as in Section 
3.1.  
For the measurement of the electrolyte-sensitive flux through the MF membranes, 
the PVDF-g-PDMAPS  MF membrane was immersed in the doubly distilled water for 
several minutes. It was then mounted on the microfiltration cell (Toyo Roshi UHP-25, 
Tokyo, Japan). An aqueous NaCl solution of a specific concentration was added to the 
cell. The flux was calculated from the volume of solution permeated per unit time 
under a specific fixed pressure. 
 
 
4.2 Results and Discussion 
 
4.2.1 Ozone Pre-activation of PVDF and Graft Copolymerization of DMAPS 
with the PVDF (the PVDF-g-PDMAPS Copolymers) 
 
Composition Analysis of the PVDF-g-PDMAPS Copolymers 
Elemental analysis was used to determine the carbon and nitrogen contents in 
the copolymer powders. The bulk graft concentration, or the ([-DMAPS-]/[-CH2CF2-
])bulk ratio, is calculated from the ([N]/[C])bulk ratio and Equation 4.1 (see 
Experimental Section). The ([N]/[C])bulk ratio and the corresponding bulk graft 
concentration, or the ([-DMAPS-]/[-CH2CF2-])bulk ratio, as a function of the monomer 
to PVDF feed ratio ([DMAPS]/[-CH2CF2-] ratio) is shown in Figure 4.1. The results 
indicate that the graft concentration increases with the increase in monomer to 
polymer feed ratio, or the DMAPS monomer concentration used for graft 
copolymerization.  
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Thermogravimetric Analysis (TGA) of the PVDF-g-PDMAPS Copolymers 
 
One of the unique properties of PVDF is its excellent thermal stability. The 
thermal stability of the PVDF-g-PDMAPS copolymer is studied by TGA. Compared 
to the PVDF and DMAPS homopolymer, a distinct two-step degradation process was 
observed for the graft copolymers. The onset of the first major weight loss at about 
330ºC corresponds to the decomposition of the DMAPS side chains of the 
copolymers. The second major weight loss commences at about 400ºC, corresponding 
to the decomposition of the PVDF main chain. TGA results also indicate that the 
extent of the first major weight loss of each graft copolymer coincides approximately 
with the DMAPS polymer content in the copolymer, as determined from elemental 
analysis. 
 
4.2.2 Thermoresponsive Behavior of the DMAPS Homopolymer 
After synthesis and purification, the DMPAS homopolymer (PDMAPS) was 
dissolved in an aqueous medium at 70ºC to achieve a specific polymer concentration.  
UV-visible absorption spectroscopy was used to measure the absorbance of the 
PDMAPS aqueous solution at the wavelength of 500 nm under different temperatures 
(Chen et al., 2000). 
 
Effect of Polymer Concentration on the Upper Critical Solution Temperature 
(UCST) of PDMAPS 
 
Figure 4.3(a) shows the absorbance of the aqueous solutions of PDMAPS of 
different concentrations as a function of temperature. All PDMAPS aqueous solutions 
exhibit an abrupt increase in absorbance with the decrease in solution temperature  
 
                                    











Figure 4.1: Effect of the [DMAPS]/[-CH2CF2-] molar feed ratio on the ([N]/[C])bulk 
ratio and the bulk graft concentration (([-DMAPS-]/[-CH2CF2-])bulk  ratio) of the 




















Figure 4.2: Thermogravimetric analysis curves of (a) the pristine PVDF, the PVDF-g-
PDMAPS copolymers of bulk graft concentrations (([-DMAPS-]/[-CH2CF2-])bulks 
ratios) of (b) 0.05, (c) 0.12 and (d) 0.20,  and (e) the PDMAPS homopolymer. 
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from 70ºC. This phenomenon corresponds to the transparent-opaque transition of the 
solution during the temperature declines. Such a transition is attributed to the phase 
separation of PDMAPS and water. At a high temperature, DMAPS polymer chains 
adopt an extended conformation and dissolve completely in the aqueous medium. 
With the temperature decreasing to the point on the phase boundary line, the intra- 
and inter-chain interactions of the DMAPS polymer lead to the formation of a well-
defined micelle (dissolution-micellization transition). The polymer chain itself 
undergoes a hydrophilic-hydrophobic transformation. Figure 4.3(a) also indicates that 
the phase transition point on the phase boundary line of a binary system (polymer and 
solvent) of the PDMAPS solution exhibits a distinct dependence on the polymer 
solution concentration. When the concentration is very low (1~2 wt%, Curves 1 and 
2), the UCST decreases very gradually to about 60ºC. It decreases rapidly to about 
50ºC when the polymer concentration increases to 5 wt% (Curve 3). On the other 
hand, when the polymer concentration increases to over 10 wt% (Curves 4 and 5), the 
UCST remains almost constant at about 45ºC. Thus, a high concentration of the 
polymer chains retards the phase separation of the PDMAPS solution. The 
stabilization of the PDMAPS solution at a high polymer concentration probably has 
resulted from the increased spatial and intermolecular interactions among the chains 
in solution. 
 
Effect of Electrolyte Concentration on the UCST of PDMAPS 
The dependence of the UCST of the PDMAPS aqueous solution on the electrolyte 
concentration (ionic strength) is also analyzed, as shown in Figure 4.3(b). The 
absorbance data in Figure 4.3(b) suggest that the addition of a low molecular weight 
                                    

























Figure 4.3: (a) UV-visible absorbance of aqueous solutions of PDMAPS of different 
concentrations as a function of temperature. (b) UV-visible absorbance of aqueous 
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salt (sodium chloride in this study) can greatly decrease the UCST of the PDMAPS 
aqueous solution. Thus, the phase separation is retarded, especially when the 
electrolyte concentration of the aqueous medium is over 0.01 M. The UCST of the 
PDMAPS solution decrease from over 65ºC to less than 40ºC, when the electrolyte 
concentration of the aqueous medium increases from about 10-7 to 10-2 mol/L. For the 
PDMAPS solutions with electrolyte concentration above 10-1 mol/L, no phase 
separation was observed even when the solution was cooled down to the ice bath 
temperature. The data in Figure 4.3(b) suggest that addition of electrolytes helps to 
stabilize the zwitterionic polymer solution and to prevent the phase separation.  
 
The stabilization of the PDMAPS aqueous solution in the presence of an 
electrolyte can be attributed to the anti-polyelectrolyte effect. For PDAMPS solution 
of low ionic strength, the electrostatic attraction of the oppositely charged ions on 
DMAPS polymer chains is predominant, and the polymer chains tend to adopt a 
coiled conformation, leading to micellization in the solution when the temperature is 
decreased. In the solution of high electrolyte concentration, the electrostatic attraction 
in the polymer chains is shielded. As a result, the polymer chains adopt a more 
extended conformation via the Debye-Huckel shielding effect. It should be noted that 
the data in Figure 4.3 are influenced by both thermodynamic and kinetic effects, and 
should only be considered as rough estimates of the UCST’s. They only provide semi-
quantitative information with respect to the impact of solution conditions, such as 
graft and electrolyte concentration and temperature, on the membrane structure and on 
the membrane permeability.     
 
4.2.3 Fabrication of MF Membranes from the PVDF-g-PDMAPS Copolymers 
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After the PVDF-g-PDMAPS  MF membranes were cast by phase inversion in 
aqueous media of different ionic strength and temperature from the 12 wt% DMSO 
solution of the respective copolymers, the surface composition and morphology of the 
membrane were analyzed by XPS and SEM, respectively.  
 
XPS Analysis of the MF Membranes 
The surface composition of the PVDF-g-PDMAPS MF membranes was studied 
by XPS. Taking into consideration of the thermoresponsive nature of the DMAPS 
polymer side chain, XPS analysis of the surface composition of the copolymer 
membranes cast in coagulating bath heated to different temperature was first carried 
out. However, the XPS C 1s core-level lineshape of the copolymer membrane was 
found to undergo obvious changes only when the temperature of the coagulating bath 
was increased to about 100ºC. The changes in the C 1s core-level spectra of the 
pristine PVDF membrane and three PVDF-g-PDMAPS  MF membranes of different 
graft concentrations cast at room temperature and at about 100ºC are compared in 
Figure 4.4.  
 
For the pristine PVDF membrane cast at room temperature, the C 1s core-level 
spectrum can be curve-fitted with two peak components, having binding energies 
(BE’s) at about 285.8 eV for the CH2 species and 290.5 eV for the CF2 species, 
respectively. The ratio for the two species, determined from the spectral peak 
component area, is about 1.04, which is in good agreement with the structure of 
PVDF. On the other hand, the C 1s core-level spectrum of PVDF membrane cast at 
100ºC can be curve-fitted with three peak components. In addition to the two main 
components mentioned above, the minor peak component at the BE of about 284.6 eV 
                                    































Figure 4.4: XPS C 1s core-level spectra of the membranes cast by phase inversion at 
25ºC and at about 100ºC from 12 wt% DMSO solutions of (a) the pristine PVDF 
homopolymer, the PVDF-g-PDMAPS  copolymers prepared from the [DMAPS]/[-
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is attributed the neutral hydrocarbon, arising from the branching sites and end groups 
of the PVDF chains (Russo, 1996). The C 1s core-level spectra of the PVDF-g-
PDMAPS MF membranes are curve-fitted with five peak components using the 
following approach. The two peak components of about equal intensities at the BE’s 
of about 285.8 eV and 290.5 eV are assigned to the CH2 and CF2 species of PVDF, 
respectively. The component at the BE of about 288.5 eV is assigned to the -O-C=O 
species of the grafted DMAPS polymer chains (Moulder et al., 1992; Fraser et al., 
2002). The component with the BE at 284.6 eV, on the other hand, is attributed to the 
hydrocarbon backbone of the grafted DMAPS polymer chain, or the CH species. The 
peak component at the BE of about 287 eV arises from the combined contribution of 
the C-O species (Ying 2003), C-N+ species (Li et al., 1997) and C-SO3- species 
(Ruangchuay et al., 2002) of the DMAPS polymer side chains.  
 
The C 1s core-level spectra in Figure 4.4 show that after ozone pre-activation, 
graft copolymerization and phase inversion in water at room temperature, the spectral 
area ratio of the CH component at 284.6 eV to that of the CF2 component at 290.5 eV 
increases from 0 (pristine PVDF membrane) to over 65% when the feed ratio used for 
graft copolymerization increasing from 0 to 0.23. The XPS spectra in Figure 4.4 also 
show that both the pristine PVDF membrane and the PVDF-g-PDMAPS  MF 
membranes cast at 100ºC always have a higher [CH]/[CF2] ratio than that of the 
corresponding MF membrane cast at room temperature. The enhancement in surface 
graft concentration of the PVDF-g-PDMAPS MF membranes is attributable to the 
thermoresponsive nature of the DMAPS polymer side chains. At a high temperature, 
the DMAPS polymer becomes more hydrophilic than at a low temperature. When the 
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polymer solution undergoes phase inversion in an aqueous bath, the migration of the 
DMAPS polymer side chains from the bulk matrix to the surface occurs.    
 
For the PVDF-g-PDMAPS MF membranes cast at the two temperature extremes, 
their surface graft concentration, or the  ([-DMAPS-]/[-CH2CF2-])surface ratio, can be 
determined from the ([N]/[C])surface ratio and Equation 4.1, in a similar manner as that 
used to determine the bulk graft concentration. Figure 4.5 shows that the surface graft 
concentration of the MF membranes cast at different temperatures increases gradually 
with the increase in ([DMAPS]/[-CH2CF2-]) molar feed ratio used for graft 
copolymerization.  
 
The surface graft concentration of the MF membrane determined by XPS and the 
bulk graft concentration determined by elemental analysis are compared (compared 
Figure 4.1 and Figure 4.5). It is unambiguous that the bulk graft concentration of the 
copolymer is always higher than the surface graft concentration of the corresponding 
MF membrane, despite the fact that a higher temperature of the casting bath can 
increase the surface graft concentration of the MF membrane. For other MF 
membranes involving PVDF with grafted hydrophilic side chains and cast in an 
aqueous medium, the surface graft concentration is always much higher than the 
corresponding bulk graft concentration, as a result of surface enrichment of the side 
chains (Ying, 2003; Wang et al., 2001). Thus, the surface migration or re-arrangement 
of the zwitterionic graft chains in the PVDF-g-PDMAPS  MF membranes is entirely 
different from that of the MF membranes prepared from PVDF with grafted acrylic 
acid (AAc), 4-vinylpyridine (4VP), poly(ethylene glycol) methacrylate and N-
isopropylacrylamide (NIPAm) side chains. Arising from reduced hydrodynamic 
                                    


















Figure 4.5: Effect of [DMAPS]/[-CH2CF2-] molar feed ratio on the ([N]/[C])surface 
ratio and the surface graft concentration ([-DMAPS-]/[-CH2CF2-])surface ratio) of the 




























Figure 4.6: XPS C 1s core-level spectra of PVDF-g-PDMAPS  MF membrane (([-
DMAPS-]/[-CH2CF2-])bulk=0.20) cast from 12 wt% DMSO solution at room 
temperature by phase inversion in aqueous media of different electrolyte strength: (a) 
doubly distilled water, (b) 10-4, (c) 10-3 and (d) 10-1 mol/L of the electrolyte.  
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interactions, especially for membranes cast below the UCST of DMAPS polymer in 
aqueous (non-electrolyte) media, the micellization of the zwitterionic polymer in the 
surface and near-surface regions, as a result of the phase inversion process, probably 
has reduced substantially the effective surface concentration of the DMAPS polymer 
probed by XPS. The low degree of surface aggregation of the DMAPS side chains can 
also be attributed to their relatively short chain length. The average degree of 
polymerization of DMAPS, defined as the average number of repeat units of DMAPS 
per initiation site, is estimated to be in the range of 4 to 16 when the monomer to 
polymer feed ratio used for graft copolymerization is increased from 0.05 to 0.23.  
 
The XPS C 1s core-level spectra of the MF membranes cast from 12 wt% DMSO 
solution of the PVDF-g-PDMAPS  copolymer (([-DMAPS-]/[-CH2CF2-])bulk=0.20) in 
aqueous medium of different electrolyte concentrations (I’s) at room temperature are 
shown in Figure 4.6. The spectral area ratio of the (CH)DMAPS component to the 
(CF2)PVDF component increases initially with the electrolyte concentration of the 
casting bath up to about 10-4 mol/L. The ratio, however, undergoes a gradual decrease 
when the electrolyte concentration of the casting bath is increased further. Low 
molecular weight electrolyte has a complicated effect on the behavior of DMAPS 
polymer chains in an aqueous medium (Chen et al., 2002). When the ionic strength of 
the aqueous solution becomes large, the electrostatic attraction of the polymer chains 
is gradually shielded by the ions in the aqueous medium, and the distribution of 
DMAPS polymer side chains on the membrane surface, partially driven by the 
electrostatic attraction, is reduced. As a result, the spectral area ratio of the (CH)DMAPS 
species to the (CF2)PVDF species decreases at a high electrolyte concentration of the 
casting bath.  
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Surface Morphology of the MF Membranes  
The surface morphologies of the PVDF-g-PDMAPS MF membranes and pristine 
PVDF membrane were revealed by SEM. Figure 4.7 shows the SEM images obtained 
at a magnification of ×5000 for the MF membranes cast from 12 wt% DMSO solution 
by phase inversion in doubly distilled water at room temperature. SEM images reveal 
that the incorporation of the DMAPS side chains increases the porosity of the PVDF-
g-PDMAPS MF membranes, while the mean pore size decreases with the increase in 
bulk graft concentration. The formation of the microporous membrane structure 
probably can be attributed to the interactions of the grafted DMAPS chains with the 
aqueous medium during the phase inversion process. The hydrodynamic interactions 
arise from the dissolution-micellization effect of the DMAPS graft chains, as well as 
the increase in hydrophilicity of PVDF after graft copolymerization with DMAPS. 
The water contact angle of the PVDF-g-PDMAPS copolymers decreases from about 
110o to about 90o when the graft concentration (([-DMAPS-]/[-CH2CF2-])bulk ratio) 
increases from 0.05 to 0.2. 
 
The morphology of the PVDF-g-PDMAPS MF membrane (([-DMAPS-]/[-
CH2CF2-])bulk=0.20) cast from 12 wt% DMSO solution in aqueous media of different 
electrolyte concentrations (I’s) at room temperature was studied by SEM. The SEM 
results reveal that the pore dimension of the PVDF-g-PDMAPS MF membrane 
increases gradually with the ionic strength of the casting bath. When coagulated in the 
bath of low electrolyte concentration, electrostatic attraction will result in a reduction 
in pore dimension. On the other hand, when cast in the aqueous bath of high 
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electrolyte concentration, the interaction of the zwitterionic graft chains with the 
aqueous electrolyte during the phase inversion process shields the electrostatic 
attraction among the graft chains (the anti-polyelectrolyte effect). The anti-
polyelectrolyte effect forces the DMAPS chains in the surface and near-surface 
regions to assume the fully extended conformation. The subsequent dissolution-
micellization transition during the phase inversion process gives rise to the increased 
pore dimension in the “dried” membrane. 
 
3.2.4 Pore-Size Measurements of the MF Membranes 
 
The pore sizes and pore-size distribution of the PVDF-g-PDMAPS membranes 
cast from copolymer solutions of different graft concentrations in aqueous media of 
different electrolyte concentrations are measured on the Coulter Porometer II, 
according to the procedures reported earlier.  
 
The pore size and pore-size distribution of the MF membranes cast from 12 wt% 
DMSO solution of the respective copolymers in doubly distilled water are 
summarized in Table 4.1. The data suggest that the mean pore size decreases 
gradually with the increase in bulk graft concentration of the PVDF-g-PDMAPS 
copolymer. The dependence of the pore size and pore-size distribution of the PVDF-
g-PDMAPS MF membrane on the electrolyte strength of the casting bath is also 
shown in Table 4.1. Thus, the mean pore size of the PVDF-g-PDMAPS MF 
membrane increases with the electrolyte concentration of the casting bath. This 
phenomenon is attributed to the anti-polyelectrolyte effect as mentioned above. The 
pore-size measurement also indicates that the PVDF-g-PDMAPS MF membranes 
                                    






















Figure 4.7: SEM micrographs of the MF membranes cast by phase inversion from the 
12 wt% DMSO solutions of (a) the pristine PVDF, and the PVDF-g-PDMAPS 




















Figure 4.8: Electrolyte-dependant permeability of aqueous solution through the 
PVDF-g-PDMAPS MF membranes. Curves 1 and 2 are the permeability through the 
MF membranes cast from PVDF-g-PDMAPS copolymer (([-DMAPS-]/[-CH2CF2-
])bulk=0.10) in the coagulation bath with an electrolyte strength of 10-7 and 10-4 mol/L, 
respectively, at room temperature.  Curve 3 is through the PVDF-g-PDMAPS (([-
DMAPS-]/[-CH2CF2-])bulk=0.20) cast in doubly distilled water. Curve 4 is through the 
membrane cast from the PVDF homopolymer. Curve 5 is through the commercial 
PVDF membrane with a standard pore diameter of d=0.22 µm. 
(a) Pristine PVDF Membrane
(b) PVDF-g-PDMAPS Membrane 
 ([-DMAPS-]/[-CH2CF2-])bulk =0.10 
  (c) PVDF-g-PDMAPS Membrane 
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have a comparable effective mean pore size as the commercial hydrophilic PVDF MF 
membrane with a standard pore diameter of 0.22 µm. Thus, the latter was used for the 
comparative study of the electrolyte-dependant flux behavior with the present PVDF-
g-PDMAPS MF membranes. 
 
4.2.5 Flux Behavior through the PVDF-g-PDMAPS MF Membranes 
 
The electrolyte-dependant permeability of aqueous solutions through the PVDF-g-
PDMAPS MF membranes is defined as the ratio of flux to pressure drop across the 
ionic strength of the solution. The flux of the aqueous solution through the pristine 
PVDF membrane cast from the 12 wt% DMSO solution by phase inversion exhibits 
an electrolyte-independant behavior (Curve 4). However, the flux of the aqueous 
media through the commercial hydrophilic PVDF MF membrane of comparable 
effective pore size (obtained from Millipore Corporation, Bedford, MA) shows a 
weak dependence on the electrolyte concentration of the medium, especially in the 
high electrolyte concentration range (Curve 5). On the other hand, the flux of the 
aqueous solution through the PVDF-g-PDMAPS MF membranes decreases with the 
increase in electrolyte concentration from 10-7 to 10-1 mol/L, with the most drastic 
change in flux being observed at electrolyte concentrations between 10-7 and 10-3 
mol/L (Curves 1 to 3).  
 
The dependence of permeation rate through the PVDF-g-PDMAPS MF membrane 
on the electrolyte concentration is attributable to the conformational change of the 
DMAPS polymer side chains on the membrane surface and sub-surface, especially on 
the pore surface and sub-surface regions. When the electrolyte concentration is very 
low, the electrostatic attraction among the ammonium cations and sulfate anions 
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Table 4.1: Pore Size Distribution of the PVDF-g-PDMAPS MF Membranesa) 
Molar Feed Ratio 
[DMAPS]/[-CH2CF2-] 
Bulk Graft Conc. 
[-DMAPS-]/[-CH2CF2-]













    (a) Effect of Bulk Graft Concentration on the Pore-Size Distributionb)  
0.06 0.05 25 0 0.29 1.30 0.64 
0.11 0.10 25 0 0.35 1.12 0.52 
0.17 0.12 25 0 0.33 0.89 0.48 
0.23 0.20 25 0 0.23 0.82 0.31 
    (b) Effect of Ionic Strength of the Casting Bath on the Pore-Size Distributionc) 
0.23 0.20 25 1.0E-07 0.23 0.82 0.31 
0.23 0.20 25 1.0E-04 0.22 0.88 0.32 
0.23 0.20 25 1.0E-02 0.24 0.96 0.35 
0.23 0.20 25 1 0.23 1.14 0.44 
 
a) The commercial PVDF MF membrane (obtained from Millipore Corporation, Bedford, MA) has a standard pore diameter    
   designation of d=0.22 µm. The actual pore characteristics are: 
max pore size=0.72 µm; min pore size=0.52 µm; mean pore size=0.57 µm 
b) Cast in doubly distilled water 
c) Cast in aqueous NaCl solution of different concentrations  
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forces the DMAPS side chains to adopt a coiled conformation. On the other hand, due 
to the electrostatic screening effect, a high electrolyte concentration will shield the 
electrostatic attraction among the ammonium cations and sulfate anions. The DMAPS 
graft chains in the surface and sub-surface regions adopt a more expanded 
conformation as a result of the anti-polyelectrolyte effect. The effective pore 
dimension is reduced, resulting in a reduced flux through the MF membrane. The 
conformational change of the DMAPS chains in the sub-surface regions will result in 
a marked contraction or expansion of the micron-size pores. This mechanism is 
particularly important to the “valve effect” of the present membrane having relatively 
short graft chains and transmembrane pore sizes in the micron region. Although the 
swelling of the graft chains on the surface as a function of electrolyte concentration 
has a maximum at an electrolyte concentration around 10-4 mol/L, the permeability of 
the electrolyte continues to decrease at higher electrolyte concentrations. The 
phenomenon can probably be attributed to the fact that the anti-polyelectrolyte effect 
of the DMAPS chains in the sub-surface regions of the pores continues to increase at 
electrolyte concentration well above 10-4 mol/L. As a result, the effective pore size, 
and thus the permeability, continues to decrease gradually at electrolyte concentration 
approaching 1 mol/L. Since there are no ionic functional groups on the surface of the 
pristine PVDF membrane, the conformation of the PVDF chains remains unchanged 
when exposed to aqueous media of different electrolyte concentrations. The weakly 
electrolyte-dependant flux through the commercial hydrophilic PVDF MF membrane 
may have resulted from the functional groups tethered on the membrane surface after 
surface modification.  
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Although the surface graft concentration of the DMAPS-g-PVDF MF membrane 
cast in an aqueous medium at 100oC has been enhanced to some extent (Figure 4.4), 
the membrane exhibits an electrolyte-independant and much larger flow rate in 
comparison to other MF membranes prepared in this study.  This phenomenon can be 
explained from the morphological point of view. For the membrane cast in boiling 
water, SEM image reveals the presence of both the microporous and macroporous 
structures. The conformational change of the DMAPS side chains exerts only minimal 
effect on the effective pore dimension. As a result, the membrane exhibits an 
electrolyte-independant and a much larger flow rate. Finally, it is conceivable that the 
present microporous membrane is not the best membrane morphology to be used for 
studying the stimuli-sensitive behavior. Enhanced stimuli-responsiveness can be 
expected from membranes having ultrafiltration (UF) characteristics. Attempts are 
currently being made to prepare UF membranes from the graft copolymers. 
 
4.3 Conclusions 
A new graft copolymer, PVDF-g-PDMAPS, was successfully synthesized through 
the molecular graft copolymerization of the zwitterionic DMAPS with the ozone-
preactivated PVDF backbone. Elemental and thermogravimetric analyses reveals that 
the bulk graft concentration of the copolymer increases with the monomer to polymer 
feed ratio used for graft copolymerization. The MF membranes were cast by phase 
inversion in aqueous media of different electrolyte concentration and temperature. 
Arising from the interaction of the zwitterionic DMAPS graft chains with the aqueous 
electrolyte during phase inversion, the mean pore size of the PVDF-g-PDMAPS MF 
membranes decreased with the increase in the graft concentration and increased with 
the increase in electrolyte strength of the casting bath. The flux of the aqueous 
solution through the PVDF-g-PDMAPS MF membranes exhibited a strong 
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dependence on the electrolyte concentration of the solution, as a result of the 
interaction of the DMAPS polymer chains on the pore surface and sub-surface region 
with the electrolyte solution (the anti-polyelectrolyte effect). However, the 
temperature-dependant perameability of the aqueous solution through the PVDF-g-
PDMAPS MF membranes was not observed. The present study has shown that 
molecular functionalization by graft copolymerization prior to membrane fabrication 
is a relatively simple and effective approach to the preparation of membranes with 
well-controlled pore size, uniform surface composition (including the composition of 

















Chapter 5:  
 
Inimer Graft-Copolymerized Poly(Vinylidene Fluoride) for the 





PVDF, DMSO, and NMP are the same as earlier. 2-hydroxyethyl acrylate (HEA) 
was obtained from Fluka Chemie of Neu-Ulm, Germany. The water content in HEA 
was removed by molecular sieve (20 nm).  Triethylamine and 2-bromoisobutyryl 
bromide were purchased from Aldrich Chemical Company, of Milwaukee, WI, and 
were used as received. Poly(ethylene glycol) methacryate (PEGMA) (MW=360) was 
also obtained from Aldrich Chemical Company. The inhibitor in PEGMA was 
removed by column chromatography. The anionic monomer, sodium 4-
styrenesulfonate (NaSS), the catalysts, copper (I) chloride (CuCl) and copper (II) 
chloride (CuCl2), and the ligand for the ATRP, bipyridine (bPy), were also purchased 
from Aldrich Chemical Company. They were used as received.  
 
5.1.2 Synthesis of the Inimer, 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA) 
The inimer, 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA), with the structure 
shown below, was synthesized according to the procedures reported in the literature 
(Matyjaszewski et al., 1997). 
 
 
About 200 ml of dry THF, 20 ml of HEA (0.17 mol) and 25 ml of triethylamine 
(0.17 mol) were added into a 500 ml flask, equipped with a magnetic follower and 
kept in an ice bath. 28 ml of 2-bromoisobutyl bromide (0.23 mol) was added into the 
flask drop-wise through a funnel. After the addition, the flask was sealed and the 
mixture was left to react at room temperature for 14 h. After the reaction, the mixture 






bromoisobutyl carboxylic acid and triethylammonium bromide. After drying over 
anhydrous MgSO4, the remaining yellow liquid was distilled under vacuum at 75oC 
for about 30 min. About 30 g of a yellow viscous liquid was obtained. The detailed 
polymerization of the inimer had been reported (Matyjaszewski et al., 1998; 
Matyjaszewski, 1997).  
 
5.1.3 Preparation of Copolymers and Membrane via ATRP 
  
The preparation of PVDF-g-PBIEA copolymer was carried out in a similar 
approach as reported earlier for the graft copolymerization of vinyl monomer with the 
ozone-pretreated PVDF. After the ozone-pretreatment, 30 ml of PVDF/NMP solution, 
with a concentration of 7 wt%, was degassed by argon stream that was introduced for 
about 30 min to remove the ozone and oxygen dissolved in the solution. Two grams 
of BIEA monomer and 12 ml of NMP were then added into the reaction mixture. 
After an additional 15 min of argon purging, the temperature of the water bath was 
raised to 60oC to induce the decomposition of peroxide groups on the PVDF chains 
and to initiate the graft copolymerization of BIEA. After 6 h of reaction, the reaction 
mixture was cooled in an ice bath and the resultant PVDF-g-PBIEA copolymer was 
precipitated in an excess amount of absolute ethanol. After filtering, the copolymer 
was re-dissolved in NMP and re-precipitated in ethanol. The copolymer was washed 
in an excess volume of ethanol for 48 h. The solvent was changed every 8 h. The 
copolymer sample was recovered and dried by pump under reduced pressure for 
subsequent characterization. The processes of ozone preactivation of PVDF and 















































Figure 5.1: Schematic illustration of the process of ozone-pretreatment and graft 
copolymerization of PVDF with inimer BIEA, preparation of “surface-active” PVDF-
g-PBIEA membrane by phase inversion, the molecular functionalization of the 
PVDF-g-PBIEA graft copolymer via ATRP of NaSS, preparation of the electrolyte-
responsive membrane from PVDF-g-PBIEA-ar-NaPSS copolymer by phase inversion, 
and surface-initiated ATRP of PEGMA on the PVDF-g-PBIEA membrane. 
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For the preparation of arborescent copolymer, PVDF-g-PBIEA-ar-NaPSS, 0.5 g 
of PVDF-g-PBIEA copolymer powder was introduced into 15 ml of DMSO. The 
temperature of the thermostated bath was increased to 50oC to facilitate the 
dissolution, which took about 2 h. After the complete dissolution, the water bath was 
cooled to room temperature. An argon stream was introduced to degas the DMSO 
solution for 30 min. 2 g of sodium 4-styrenesulfonate (NaSS), 158 mg of 2,2’-
bipyridine, 13.5 mg of CuCl2 and 40 mg of CuCl were added to the solution. After the 
addition and dissolution, the solution became a brown liquid. The mixture was sealed 
and allowed to react at 40oC for 6 h. At the end of the reaction, the reaction mixture 
was cooled down in an ice bath, and the copolymer was precipitated in excessive 
ethanol. After recovery by filtration, the copolymer was washed in an excess volume 
of ethanol for 48 h. The solvent was changed every 8 h. The resulting arborescent 
copolymer (PVDF-g-PBIEA-ar-NaPSS) was recovered and dried by pump under 
reduced pressure for subsequent characterization. The preparation of the arborescent 
PVDF-g-PBIEA-ar-NaPSS copolymer is also shown schematically in Figure 5.1. 
 
After the membrane fabrication by phase inversion in the similar approach as 
specified in Section 3.1, PVDF-g-PBIEA membrane was cast from the copolymer 
solution in NMP. The surface-initiated ATRP of PEGMA was conducted on the 
PVDF-g-PBIEA to create the PVDF-g-PBIEA-ar-PPEGMA membrane. For the 
surface-initiated ATRP of the macromonomer, PEGMA, on the PVDF-g-PBIEA MF 
membrane, 15 ml of doubly distilled water, 2 ml of PEGMA and 1 piece of the 
PVDF-g-PBIEA MF membrane of about 1cm × 1 cm in area were added into a 25 ml 
single-necked round-bottom flask.  A purified argon stream was introduced to degas 
the mixture for about 15 min. 158 mg of 2,2’-bipyridine, 13.5 mg of CuCl2 and 40 mg 
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of CuCl were added to the solution. The polymerization reaction was allowed to 
proceed for 1 h with stirring. After the reaction, the membrane was washed with 
copious amount of doubly distilled water over a period of about 2 h, followed by 
drying under reduced pressure. The process of the surface-initiated ATRP of PEGMA 
on the PVDF-g-PBIEA membrane is also shown schematically in Figure 5.1. 
 
5.1.4 Copolymer and Membrane Characterization 
FTIR, TGA, SEM and XPS was same as in Section 3.1. The chemical structure of 
PVDF-g-PBIEA was also investigated by proton nuclear magnetic resonance (1H 
NMR) spectroscopy measured on a Bruker ARX 300 instrument at room temperature 
with deuterated DMSO as the solvent. 
The chemical composition of the copolymers was determined by the elemental 
analysis. The carbon and bromide elemental contents were determined by the 
Microanalysis Laboratory, National University of Singapore. Taking into account the 
stoichiometries of the graft and the fluoropolymer chains, the bulk graft concentration 
of the PVDF-g-PBIEA copolymer, defined as the number of BIEA repeat units per 
repeat unit of PVDF, or the ([-BIEA-]/[-CH2CF2-])bulk ratio, can be calculated from 
Equation (5.1): 
 ([-BIEA-]/[-CH2CF2-])bulk =2[Br]/([C]-9[Br])                                    …(5.1) 
where the factors 2 and 9 are introduced to account for the fact that there are 2 and 9 
carbon atoms per repeat unit of PVDF and BIEA polymer, respectively. The graft 
concentration of NaSS in the PVDF-g-PBIEA-ar-NaPSS arborescent copolymer, or 
the ([-NaSS-]/[-CH2CF2-])bulk ratio, is estimated from Equation (5.2):  
([-NaSS-]/[-CH2CF2-])bulk =2[S]/([F])                                                  … (5.2) 
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where the factor 2 accounts for the fact that there are two fluorine atom per repeat unit 
of the PVDF polymer and one sulfur atom per repeat unit of the NaPSS polymer, 
respectively. 
 
In order to assess the effect of surface-initiated ATRP of PEGMA from the 
PVDF-g-PBIEA membrane on the resistance of the latter to protein fouling, protein 
adsorption assays were performed on both the PVDF-g-PBIEA membrane and the 
PVDF-g-PBIEA-ar-PPEGMA membrane (time of polymerization = 1 h). The 
membranes (about 1 cm ×1 cm) were hydrated in methanol for 30 min initially, 
followed by washing 3 times with the phosphate-buffer saline (0.01 M PBS, pH=7.4). 
The membranes were subsequently equilibrated in PBS solution for 1 h prior to the 
protein adsorption experiment. For the protein adsorption, the membranes were 
immersed in the PBS containing 2 mg/ml of γ-globulin for 24 h at room temperature. 
After the protein adsorption, the membranes were washed with copious amount of 
PBS and doubly distilled water. The membranes were dried by pumping under 
reduced pressure at room temperature. The surface composition of the membranes 
after protein adsorption was analyzed by XPS, using the N 1s signal as a marker for 
the adsorbed protein.  
 
5.2 Results and Discussion 
5.2.1 Preparation of the PVDF-g-PBIEA Graft Copolymer 
Preparation of the Inimer, 2-(2-bromoisobutyryloxy)ethyl acrylate (BIEA) 
 
The initiator-monomer or the AB*-type “inimer” (A: polymerizable group and B*: 
initiator moiety) is designed for the synthesis of hyperbranched polymers, because the 
AB* inimer can become involved in polymerization and initiation simultaneously 
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(Frechet et al., 1995; Morri, 2003). For the addition polymerization, “A” typically 
represents the C=C double bond, while a variety of initiator moieties can be 
introduced as “B*”. Examples of “B*” include an alkoxy or chloroalkyl group for 
living cationic polymerization (Frechet et al., 1995; Paulo, 2001), an organolithium 
group for anionic living polymerization (Baskaran, 2003), a nitroxide group for stable 
free radical polymerization (Hawker et al., 1995), an alkyl halide group for transition 
metal-catalyzed atom transfer radical polymerization (ATRP) (Matyjaszewski, 1997; 
Matyjaszewski et al., 1997; Matyjaszewski et al., 1998a), a dithioester group for 
photo-initiated addition-fragmentation chain transfer process (Ishizu et al., 2002),  
and a trimethylsiloxyl group for group transfer polymerization (GTP) (Simon, 2001).  
 
As a controlled radical polymerization technique, ATRP is versatile to a variety of 
monomers containing appropriate functional groups. In this study, the ATRP inimer, 
BIEA, was prepared via the esterification of HEA with 2-bromoisobutyryl bromide in 
dry THF and in the presence of triethylamine to neutralize the hydrogen bromide 
produced. The Fourier transform infrared (FTIR) spectra of HEA and BIEA were 
compared. After the esterification reaction, the absorption band at the wavenumber of 
about 3600 cm-1 (Shriner et al., 1998),  associated with the hydroxyl group of HEA, 
has disappeared almost completely, and the absorption band at the wavenumber of 
about 1740 cm-1,  associated with the ester carbonyl group (Shriner et al., 1998), has 
been enhanced. The results indicate that esterification reaction has occurred between 
HEA and 2-bromoisobutyryl bromide to form the AB* inimer, BIEA. The broad 
absorption band in the wavenumber region of 1100~1400 cm-1 is attributable to the 
















































Figure 5.2: (a) TGA weight loss curves of (1) PVDF homopolymer, (2) PVDF-g-
PBIEA copolymer ([-BIEA-]/[-CH2CF2-]bulk=0.05) and (3) PVDF-g-PBIEA-ar-
NaPSS copolymer ([-NaSS-]/[-CH2CF2-]bulk= 0.22). (b): TGA derivative curves of (1) 
the PVDF-g-PBIEA copolymer and (2) the PVDF-g-PBIEA-ar-NaPSS copolymer. 











































Ozone Pretreatment and Thermally-Induced Graft Copolymerization of PVDF 
with BIEA: the PVDF-g-PBIEA Copolymer 
 
Ozone pretreatment of the PVDF solution was adopted to generate peroxide 
groups along the polymer main chain. The peroxide groups decomposed into radicals 
under thermal induction to initiate the chain polymerization of the vinyl monomer to 
produce the graft copolymer (Boutevin et al., 1992; Karlsson, 1999). Based on the 
activation energy and Arrhenius coefficient reported in the literature, the half-life of 
this kind of peroxide groups is estimated to be about 45 min at 60oC. Thus, in this 
study, the time of polymerization was set at 6 h, both to increase the graft 
concentration of the BIEA side chains and to consume the peroxide residues 
completely. 
 
Elemental analysis results indicate that the ([Br]/[C])bulk ratio of the copolymer is 
about 0.02. The bulk graft concentration of the BIEA polymer (PBIEA) in PVDF-g-
PBIEA, defined as the number of BIEA repeat units per repeat unit of PVDF, or the 
([-BIEA-]/[-CH2CF2-])bulk ratio, is estimated by Equation (5.1) (Experimental Section) 
to be about 0.05. The chemical structure of the PVDF-g-PBIEA copolymer was 
analyzed by FTIR and compared to that of PVDF homopolymer. For the pristine 
PVDF homopolymer, the characteristic absorption band in the wavenumber region of 
1120~1350 cm-1 is associated with the -CF2- group of the PVDF main chains (Shriner 
et al., 1998). A new absorption band at the wavenumber of about 1740 cm-1, 
attributable to the ester carbonyl group (Shriner et al., 1998), has appeared after graft 
copolymerization with BIEA. Thus, the FTIR spectroscopic results confirm the 
presence of the BIEA side chains, in agreement with the results of the elemental 
analysis. 
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 Figure 5.2 shows the thermal gravimetric analysis (TGA) curves of the PVDF 
homopolymer and the PVDF-g-PBIEA copolymer. The PVDF homopolymer exhibits 
only one thermal decomposition step, commencing at about 470oC. On the other hand, 
the PVDF-g-PBIEA copolymer exhibited a two-step thermal decomposition process. 
The first main weight loss occurs at about 300oC, attributable to degradation of the 
PBIEA side chains, while the second weight loss commences at about 470oC, 
attributable to the decomposition of the PVDF main chains. The TGA curve also 
shows that the weight loss during the first decomposition step is about 14 wt%, which 
translates into a ([-BIEA-]/[-CH2CF2-])bulk ratio of about 0.06. This ratio is 
comparable to that obtained from the elemental analysis. Both the FTIR spectra and 
the TGA results confirm that the BIEA have been graft-copolymerized with the 
ozone-pretreated PVDF main chains. 
 
The chemical structure of the PVDF-g-PBIEA copolymer is shown in Figure 5.3 
and verified by 1H NMR spectroscopy. The chemical shifts at 2.9 and 2.2 ppm are 
attributable to the CH2 species of PVDF, arising from the head-to-tail (ht) and head-
to-head (hh) stereo regularities. On the other hand, the chemical shifts at 4.2-4.3 ppm 
and 1.9-2.0 ppm are assigned to the –CH2CH2- species and the isobutyryl species of 
the PBIEA side chains, respectively (Mori, 2004). The 1H NMR and the TGA results 
of the PVDF-g-PBIEA copolymer also indicate that transfer to the brominated 
monomer during graft copolymerization probably had not occurred to a significant 
extent, as the process can lead to crosslinking. The PVDF-g-PBIEA copolymer 



































Figure 5.3: 1H NMR spectrum of the PVDF-g-PBIEA copolymer. 
 













2( 2CH )CF y
C
=O













Chemical Shift (ppm) 
 135
5.2.2 PVDF-g-PBIEA Membranes Cast by Phase Inversion 
 
The PVDF-g-PBIEA microporous membranes were fabricated by phase inversion 
in doubly distilled water at room temperature from 12 wt% NMP solutions of the 
PVDF-g-PBIEA copolymer. The morphology and surface chemical composition of 
the membrane were analyzed by SEM and XPS, respectively. Figures 5.4(a) and 5.4(b) 
show the respective SEM images, obtained at a magnification of ×2000, for the air 
and glass substrate sides of the PVDF-g-PBIEA membranes. Thus, the PVDF-g-
PBIEA copolymer can be cast into a microporous membrane by the phase inversion 
technique. Cross-sectional SEM images also indicate that the membrane is 
asymmetric, although the porosity and pore size distribution for the two surfaces can 
differ substantially.  
 
Figures 5.5(a) to 5.5(c) show, respectively, the XPS wide-scan, Br 3d and C 1s 
core-level spectra of the PVDF-g-PBIEA membrane. Carbon, bromine, fluorine and 
oxygen signals are detected in the wide-scan spectrum of the PVDF-g-PBIEA 
membrane. The Br 3d core-level spectrum was resolved into Br 3d3/2 and Br 3d5/2 
peak components with an energy separation of 1.05 eV. The Br 3d5/2 peak component 
with a binding energy at about 70.5 eV is characteristic of that of covalently bonded 
bromine (Touihri et al., 2002). The surface graft concentration of the PVDF-g-PBIEA 
membrane, or the ([-BIEA-]/[-CH2CF2-])surface ratio, is determined to be about 0.07 
from Equation 5.(1), based on the XPS-derived ([Br]/[C])surface ratio of about 0.03. The 
([-BIEA-]/[-CH2CF2-])surface ratio is slightly higher than the bulk graft concentration of 
the PVDF-g-PBIEA copolymer, indicating that surface enrichment of the BIEA side 
chains occurs to some extent during the phase inversion process of the PVDF-g-































Figure 5.4: SEM micrographs of the membranes cast from the 12 wt% NMP solution of corresponding copolymer by phase inversion: (a) air 
side and (b) substrate (glass plate) side of PVDF-g-PBIEA membrane cast in water; (c) air and (d) substrate side of PVDF-g-PBIEA-ar-NaPSS 
membrane cast in water; (e) air and (f) substrate side of PVDF-g-PBIEA-ar-NaPSS membrane cast in 1 M aqueous NaCl solution.
(a) PVDF-g-PBIEA Membrane 
  ([-BIEA-]/[-CH2CF2-])bulk=0.05 
(b) PVDF-g-PBIEA Membrane 
([-BIEA-]/[-CH2CF2-])bulk=0.05  
(c) PVDF-g-PBIEA-ar-NaPSS Membrane 
Cast in doubly distilled water 
(d) PVDF-g-PBIEA-ar-NaPSS Membrane 
Cast in doubly distilled water 
(f) PVDF-g-PBIEA-ar-NaPSS Membrane 
Cast in 1 M aqueous NaCl solution 
(e) PVDF-g-PBIEA-ar-NaPSS Membrane 




The C 1s core-level spectrum of the PVDF membrane was curve-fitted with peak 
components for the –CH2- and -CF2- species, at the BE of about 286.0 eV and 290.5 
eV, respectively (Figure 5.5(d)). The molar ratio of the two species, determined from 
the spectral area ratio of the two peak components, is about 1.06, in good agreement 
with the theoretical value of 1:1. The C 1s core-level spectrum of the PVDF-g-PBIEA 
membrane (Figure 5.5(b)) was curved-fitted with five species, adopting the following 
strategy. The peak components of approximately equal intensity with BE’s at 286.0 
eV and 290.5 eV are attributed to the -CH2- and -CF2- species, respectively, of the 
PVDF main chains. The peak components with BE’s at about 284.6 eV and 288.8 eV 
are associated, respectively, with the neutral -CH2- and the O=C-O species of the 
BIEA side chains. The peak component with the BE at about 286.5 eV arises from 
combined contributions of the C-O species and the C-Br terminus of the BIEA side 
chains. For the comparison of the C 1s core-level spectra of the PVDF and PVDF-g-
PBIEA membranes, it is clear that the peak intensity of the –CF2- species of the 
PVDF main chains has decreased substantially, after grafting of the BIEA side chains. 
The molar ratio of the –CF2- species to the total carbon species in the PVDF-g-PBIEA 
membrane is determined to be about 0.28, significantly lower than about 0.48 for the 
membrane prepared from the PVDF homopolymer.  
 
5.2.3 The PVDF-g-PBIEA-ar-NaPSS Arborescent Copolymer via ATRP 
 
The BIEA side chains of the PVDF-g-PBIEA copolymer and on the PVDF-g-
PBIEA membrane surface can function as the ATRP macro-initiators, because the 
tertiary C-Br moiety of each BIEA repeat unit will be able to initiate the ATRP of 
functional monomers (Matyjaszewski, 2001). The ATRP of substituted styrenic 































Figure 5.5: XPS wide-scan, Br 3d and C 1s core-level spectra of the PVDF-g-PBIEA membrane and C 1s core-level spectrum of the PVDF 
membrane. Both membranes are cast from their corresponding 12 wt% NMP solution in doubly distilled water by the phase inversion technique. 
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In specific, the ATRP of sodium 4-styrenesulfonate (NaSS) has been carried out in the 
presence of the Cu(I)/bPy catalyst system in a water/methanol mixed medium to 
produce polyelectrolytes dissolved in solution or grafted on the silica particle surface 
(Chen et al., 2003; Iddon et al., 2004). As an amphiphilic polyelectrolyte, the NaSS 
polymer (NaPSS) can switch its conformation from an extended to a coiled state in an 
aqueous medium upon the addition of a low molecular weight electrolyte, because the 
latter can shield the electrostatic repulsion among the sulfonate anions alongside the 
NaPSS chains. Thus, NaPSS exhibits an electrolyte-responsive behavior (the 
polyelectrolyte effect) (Lowe, 2000; McCormick, 1996). 
 
The arborescent copolymer with the NaPSS side chains, or the PVDF-g-PBIEA-
ar-NaPSS copolymer, was prepared via solution polymerization of NaSS, initiated by 
the BIEA repeat units of the PVDF-g-PBIEA copolymer and catalyzed by the 
CuCl/CuCl2/bPy system in DMSO. The sulfur, fluorine and carbon contents of the 
PVDF-g-PBIEA-ar-NaPSS copolymer were determined by elemental analysis. The 
([S]/[F])bulk ratio of the copolymer was determined to be about 0.11. Thus, the bulk 
graft concentration, defined as the number of NaSS repeat units per PVDF repeat unit, 
or the ([-NaSS-]/[-CH2CF2-])bulk ratio, is determine to be about 0.22 (Equation (5.2), 
Experimental Section). After copolymerization with NaSS, a new absorption band in 
the wavenumber region of 1050 cm-1, associated with the sulfonate groups of the 
NaPSS side chains (Moulder et al., 1998), appears in the FTIR spectrum of the 
PVDF-g-PBIEA-ar-NaPSS copolymer. On the other hand, the absorption band in the 
wavebumber region of 1100~1300 cm-1, corresponding to the aromatic C-H in-plane 
bending mode (Moulder et al., 1998), also serves to indicate that the NaPSS side 
chains have been incorporated into the copolymer. 
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The TGA curve of the PVDF-g-PBIEA-ar-NaPSS copolymer was compared to 
that of PVDF-g-PBIEA polymer in Figure 5.2. Figure 5.2(a) shows the weigh loss 
curves of the PVDF homopolymer, the PVDF-g-PBIEA copolymer and the PVDF-g-
PBIEA-ar-NaPSS copolymer. In comparison with the PVDF-g-PBIEA copolymer, 
the PVDF-g-PBIEA-ar-NaPSS copolymer exhibits a large weight loss in the 
temperature range of 300oC~480oC, attributable to the decomposition of the PBIEA 
and NaPSS graft chains. Figure 5.2(b) shows the derivative of the weight curves as a 
function of the temperature for the PVDF-g-PBIEA and PVDF-g-PBIEA-ar-NaPSS 
copolymers. For the PVDF-g-PBIEA copolymer, the derivative curve contains two 
major peaks at temperatures of 310oC and 490oC, attributable to the PBIEA side 
chains and PVDF main chains, respectively. However, for the PVDF-g-PBIEA-ar-
NaPSS copolymer, these two peaks diminish and a new decomposition peak emerges 
at the temperature of about 425oC, attributable to the NaPSS side chains. The NaPSS 
content of the copolymer cannot be determined unambiguously from the weight loss 
curve of the copolymer. Attempts were made to improve the bulk graft concentration 
of NaPSS in the PVDF-g-PBIEA-ar-NaPSS copolymer by increasing the NaSS 
monomer concentration in the reaction mixture or extending the time of 
polymerization from 6 h to 12 h. It was found that the solubility of the PVDF-g-
PBIEA-ar-NaPSS copolymer in NMP was compromised by the high content of 
NaPSS. Therefore, the ATRP of NaSS initiated from PVDF-g-PBIEA was not carried 
out at a higher monomer feed ratio or for a longer polymerization time. 
 




The morphology, surface composition and the electrolyte-responsive nature of the 
PVDF-g-PBIEA-ar-NaPSS membranes were investigated. Figure 5.6 shows the 
respective XPS wide-scan, C 1s, S 2p and Na 1s core-level spectra of the PVDF-g-
PBIEA-ar-NaPSS membranes cast from a 12 wt% NMP solution of the PVDF-g-
PBIEA-ar-NaPSS copolymer by phase inversion in doubly distilled water and in 1 M 
aqueous NaCl solution. In the wide-scan spectra of the two membranes, not only are 
the C 1s, F 1s, and O 1s signals detected, the Na 1s and S 2p signals are also 
discernible. For both membranes, the intensity of the Br 3d signal for the PVDF-g-
PBIEA-ar-NaPSS membrane has been reduced considerably, in comparison with that 
of the Br 3d signal for the PVDF-g-PBIEA membrane. The membrane cast in 1 M 
aqueous NaCl solution exhibits a higher Na 1s and S 2p signal intensities, compared 
to those of the membrane cast in water. The XPS-derived surface elemental 
composition, or the ([C]:[Na]:[S]:[Br])surface ratio, determined from the respective 
spectral peak areas, shifted from 100:1.3:2.0:0.3 to 100:4.0:4.6:0.8 when the ionic 
strength of the casting bath was increased from about 0 (for doubly distilled water) to 
1 M (for the 1 M aqueous NaCl solution). Thus, the surface composition data indicate 
a significant surface enrichment of the PBIEA-g-NaPSS side chains for the membrane 
cast in 1 M aqueous NaCl solution.  
 
The C 1s core-level spectra of the PVDF-g-PBIEA-ar-NaPSS membranes cast in 
doubly distilled water and in 1 M aqueous NaCl solution were curve-fitted using the 
approach similar to that used for the PVDF-g-PBIEA membrane, except that the peak 
component with BE at about 286.5 eV is deemed to have resulted from a combined 
contribution from the C-O, C-Br and C-SO3 species (Ruangchuay et al., 2002). From 
the C 1s spectra, it is clear that the intensity of the -CH- species, associated with the 
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PBIEA-g-NaPSS side chain, increases while that of the (-CF2-)PVDF species decreases 
when the ionic strength of the casting bath is increased to 1 M. The XPS-derived ([-
CF2-]PVDF/[-CH-])surface ratio, determined from the corresponding C 1s peak 
component spectral area ratio, decreases from 1.1 to 0.86, suggesting that more 
PBIEA-g-NaPSS side chains have migrated from the bulk to the surface during the 
phase inversion process in 1 M aqueous NaCl solution. The S 2p core-level spectrum 
of the PVDF-g-PBIEA-ar-NaPSS membrane, cast in doubly distilled water, was 
curve-fitted with S 2p1/2 and S 2p3/2 peak components with an energy separation of 1.2 
eV, as shown in Figure 5.6. 
 
The microporous morphology of the PVDF-g-PBIEA-ar-NaPSS membranes is 
also dependant on the electrolyte concentration. Figures 5.4(c) to 5.4(f) show the 
respective SEM micrographs, obtained at a magnification of ×2000, for the air side 
and substrate side of the PVDF-g-PBIEA-ar-NaPSS membranes cast in doubly 
distilled water and in 1 M aqueous NaCl solution. With the increase in ionic strength 
of the casting bath, the morphology and pore structure do not change significantly on 
the substrate side. However, significant differences in the surface morphology and 
pore structure are observed on the air side of the PVDF-g-PBIEA-ar-NaPSS 
membrane. The membrane cast in 1 M aqueous NaCl solution exhibits a much larger 
pore size and a less uniform pore-size distribution, in comparison to those of the 
membrane cast in doubly distilled water. When cast in the aqueous NaCl medium, the 
membrane surfaces is enriched by the NaPSS chains. Pores of larger size are formed 
to minimize the interfacial interaction between the membrane surface and the aqueous 
electrolyte medium, as larger pores correspond to smaller specific surface area. The 














































Figure 5.6: XPS wide-scan, C 1s, S 2p and Na 1s core-level spectra of the PVDF-g-
PBIEA-ar-NaPSS membranes cast from the 12 wt% NMP solution by phase inversion 
in doubly distilled water and in 1 M aqueous NaCl solution. 
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“through pore” structure of the membrane, although the pore size differs on both sides 
of the membrane. 
 
The nature of the NaPSS side chain as a polyelectrolyte accounts for the 
electrolyte-responsive characteristics of the surface chemical composition and 
morphology of the PVDF-g-PBIEA-ar-NaPSS copolymer membrane. When the 
PVDF-g-PBIEA-ar-NaPSS polymer solution was cast into doubly distilled water, the 
strong electrostatic repulsion among the sulfonate anions alongside the NaPSS chains 
on the newly formed membrane surface prohibited extensive migration of the NaSS 
side chains from the bulk of the polymer solution to the outer layer of the membranes. 
On the other hand, when cast into 1 M aqueous NaCl solution, the electrostatic 
repulsion was mostly shielded by the electrolyte ions in the casting bath 
(polyelectrolyte effect), allowing more extensive migration of the NaPSS side chains 
to the membrane surface, including the surface of the pores.  
 
5.2.5 Functionalization of the PVDF-g-PBIEA Membrane via Surface-Initiated 
ATRP of the Poly(ethylene glycol) methacrylate (PEGMA): the Anti-fouling 
PVDF-g-PBIEA-ar-PPEGMA Membrane 
 
For the porous membrane cast from the PVDF-g-PBIEA copolymer, each repeat 
unit of the PBIEA side chains on the membrane and pore surfaces can initiate the 
ATRP of a functional monomer to endow specific surface functionalities to the as-cast 
PVDF-g-PBIEA membranes. Poly(ethyl glycol) (PEG) and poly(ethylene oxide) 
(PEO) have attracted considerable attention because they can impart anti-fouling, 
non-adhesive and biocompatible characteristics to the materials (Feldman et al., 1999; 
Dalsin et al., 2003). ATRP of the PEGMA macromonomer has been extensively 
studied during the last few years, because the process allows the preparation of well-
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defined PEGMA polymer (PPEGMA) (Ali, 2003; Robinson et al., 2001; Neugebauer 
et al., 2003). The Cu/bPy catalyst system can also result in a controlled fashion in the 
ATRP of methacrylate monomer (Neugebauer et al., 2003; Wang et al., 1997a), 
therefore, in this study, PEGMA was graft copolymerized directly onto the PVDF-g-
PBIEA membrane surface, via ATRP in an aqueous medium and catalyzed by the 
CuCl/CuCl2/bPy system, with the intention of improving the anti-fouling properties of 
the PVDF-g-PBIEA membrane.  
 
Figure 5.7(a) shows the XPS wide-scan and C 1s core-level spectra of the PVDF-
g-PBIEA-ar-PPEGMA membrane after 1 h of surface-initiated ATRP of PEGMA. 
Compared to those of the PVDF-g-PBIEA membrane (see Figure 5.5), significant 
changes in the XPS wide-scan and C 1s core-level spectra of the PVDF-g-PBIEA-ar-
PPEGMA membrane are observed. The F 1s signals associated with the underlying 
PVDF main chains are no longer discernible in the wide-scan spectrum, indicating 
that the thickness of the PEGMA polymer film on the PVDF-g-PBIEA membrane 
surface, after a 1 h of polymerization, has exceeded the sampling depth of the XPS 
technique (~7.5 nm for organic matrix (Tan et al., 1993)). The same result is also 
deduced from the changes in the C 1s core-level lineshape of the PVDF-g-PBIEA-ar-
PPEGMA membrane. The C 1s core-level spectrum of the PVDF-g-PBIEA-ar-
PPEGMA membrane was curve-fitted using the similar approach as that for the 
PVDF-g-PBIEA membrane. However, the two species associated with the PVDF 
main chains, (-CH2-)PVDF and (-CF2-)PVDF with BE’s at 285.8 eV and 290.5 eV, 
respectively, have disappeared completely. On the other hand, the peak component 
with a BE of about 286.2 eV, attributed to the C-O species of the PBIEA and 
PPEGMA side chains, has been greatly enhanced. Similar to that of the PVDF-g-
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PBIEA-ar-NaPSS membrane cast from the PVDF-g-PBIEA-ar-NaPSS copolymer, 
the intensity of the Br 3d component has been greatly reduced after the surface-
initiated ATRP of PEGMA with the PVDF-g-PBIEA membrane. The ([Br]/[C])surface 
ratio has decreased from 0.03 to about 0.02, arising probably from the irreversible 
termination and halogen exchange of the propagating radicals during the surface-
initiated ATRP process (Davis, 2001; Matyjaszewski et al., 1998b; Matyjaszewski et 
al., 1998c).  
 
Protein adsorption study on both the PVDF-g-PBIEA membrane and the PVDF-g-
PBIEA-ar-PPEGMA membrane was carried out to evaluate the anti-fouling 
properties of the membrane surface after the surface-initiated ATRP of PEGMA. The 
amount of surface-adsorbed protein (γ-globulin) was quantified by XPS, because the 
N 1s signal associated with γ-globulin can be used as a convenient marker for the 
protein. Figures 7(b) and 7(c) show the respective XPS wide-scan and N 1s core-level 
spectra of the PVDF-g-PBIEA and PVDF-g-PBIEA-ar-PPEGMA membranes after 24 
h of exposure to 2 mg/ml γ-globulin solution. For the PVDF-g-PBIEA membrane, in 
addition to the Br 3d, C 1s, O 1s and F 1s signals of the PVDF-g-PBIEA membrane 
substrates,  a strong N 1s signal at the BE of about 399.3 eV was also detected in the 
wide-scan spectrum. After the surface-initiated ATRP of PEGMA on the PVDF-g-
PBIEA membrane, the membrane exhibited significant resistance to protein 
adsorption. For the PVDF-g-PBIEA-ar-PPEGMA membrane, the wide-scan spectrum 
is dominated by the C 1s and O 1s signals while the N 1s signal is barely discernible. 
The N 1s core-level spectra of the two membranes are also compared in Figure 5.7. 
The ([N]/[C])surface ratios, determined from the respective peak component area ratios, 
















































Figure 5.7: (a) XPS wide-scan and C 1s core-level spectra of the PVDF-g-PBIEA-ar-
PPEGMA membrane (time of polymerization = 1 h);  XPS wide-scan and N 1s core-
level spectra of (b) the PVDF-g-PBIEA membrane and (c) PVDF-g-PBIEA-ar-
PPEGMA membrane after a 24 h of γ-globulin adsorption.  
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PVDF-g-PBIEA membrane, respectively. These results indicate that the anti-fouling 
property of the PVDF-g-PBIEA membrane has been improved substantially by the 
surface-initiated ATRP of PEGMA.  
 
5.3 Conclusions 
PVDF with grafted ATRP-inimer, BIEA, side chains allowed the preparation of 
arborescent copolymer. Both the PVDF-g-PBIEA and its arborescent copolymer of a 
polyelectrolyte, NaPSS, could be readily cast into microporous membranes with 
surface-enriched graft chains via phase inversion in an aqueous medium. The surface 
composition and morphology of the PVDF-g-PBIEA-ar-NaPSS membranes exhibited 
electrolyte-responsive behavior. The BIEA units on the PVDF-g-PBIEA membranes 
could serve as the macro-initiators for the surface-initiated ATRP to further 
functionalize the membrane. The inimer graft copolymerization technique provided an 
alternative approach to the functionalization of membranes both at the molecular level 
(prior to the casting of membrane) and at the membrane surface level. Because of the 
end functionality associated with the ATRP technique, such membrane surface 
exhibited a ‘living’ character, allowing for additional surface-initiated reactions to 
introduce well-defined functional polymers and moieties. The porous membrane with 
active or ‘living’ surfaces thus provides exciting opportunities for the direct molecular 













Functionalization of Hydrogen-Terminated Silicon with Polybetaine 
Brushes via Surface-Initiated Reversible Addition-Fragmentation 
Chain Transfer (RAFT) Polymerization 
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6.1 Experimental  
6.1.1 Materials  
 
(100)-oriented single crystal silicon wafers, or Si(100) wafers, with a thickness of 
about 0.7 mm and a diameter of 150 mm, were obtained from Unisil Co. of Santa 
Clara, CA. It was sliced into rectangular strips of about 1 cm × 3 cm in size. They 
were washed in “piranha” solution, a mixture of 98 wt% sulfuric acid (70 vol%) and 
hydrogen peroxide solution (30 vol%) to remove the surface organic residues. After 
rinsing with copious amounts of doubly distilled water and dried with a stream of 
purified argon, the Si(100) strips were immersed in 10 vol% hydrofluoric acid 
solution in individual Teflon® vials  for about 5 min to remove the native oxide layer 
and to form the hydrogen-terminated Si(100) surface (Si-H surface).  
 
NaSS and DMAPS were the same as stated in earlier part. The initiator, 4,4’-azo-
bis(4-cyanopentanoic acid) (ACPA) was purchased from Aldrich Chemical Company 
of Milwaukee, WI. The intermediate compound, bis(dithiobenzoyl) disulfide, was 
synthesized and purified as reported (Vosloo et al., 2002), from which the target chain 
transfer agent (CTA), 4-cyanopentanioc acid dithiobenzoate, was obtained, after 
conversion, separation and purification (Thang et al., 1999; Mitsukami et al., 2001; 
Donovan et al., 2002).   
 
6.1.2 Surface Functionalization of the Si-H Substrate  
 
The surface functionalization of the Si-H surface was performed to give rise to a 
hydroxyl-terminated silicon (Si-CH2OH) surface (Yu, 2003). A small amount of 10-
undecylenic acid methyl ester was introduced onto the freshly prepared Si-H surface. 
The substrate was sandwiched between two quartz plates. Thus, the Si-H surface was 
covered by a thin liquid film of 10-undecylenic acid methyl ester. The set-up was 
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placed in a Pyrex® tube and subjected to UV irradiation in a Riko rotary 
photochemical reactor (model RH400-10W, manufactured by Riko Denki Kogyo of 
Chiba, Tokyo) at 25oC for 1 h. The reactor was equipped with a 1000 W Hg lamp. 
After the UV irradiation, the ester-modified silicon (Si-COOCH3) substrate was 
washed thoroughly with copious amount of acetone and ethanol to remove the 
residual ω-unsaturated ester. The Si-COOCH3 surface was dried by pumping under 
reduced pressure. For the reduction of the Si-COOCH3 surface by LiAlH4 to generate 
the hydroxyl-terminated surface, 100 ml of dry ether and five pieces of Si-COOCH3 
substrates were added into a dry flask. About five grams of LiAlH4 were introduced 
slowly into the flask under the stirring. The mixture was sealed and was left to react at 
room temperature for 2 h. After the reaction, the so-prepared silicon substrate (Si-
CH2OH substrate) was washed with copious amounts of ethanol and water, and dried 
by pumping under reduced pressure.     
 
For the immobilization of the azo initiator, 30 ml of dry dichloromethane and 10 g 
of 4,4’-azo-bis(4-cyanopentanoic acid) were added into a 100 ml three-necked round 
bottom flask kept in an ice bath. After 4 ml of thionyl chloride (SOCl2) was added 
dropwise into the reaction mixture, the flask was sealed and the reaction was allowed 
to proceed at room temperature. The hydrogen chloride gas generated was absorbed 
into the aqueous sodium hydroxide solution. After 10-h of reaction at room 
temperature, the dichloromethane and thionyl chloride residue in the reaction mixture 
were distilled off under reduced pressure at room temperature. A greenish powder, 
4,4’-azo-bis(4-cyanopentanoic acid chloride), remained inside the flask. Fifty ml of 
dry dichloromethane, 2 ml of pyridine and 5 pieces of the Si-CH2OH wafers were 
introduced into the flask. The reaction mixture was sealed and left to react at room 
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temperature for another 10 h. After the reaction, the silicon substrates with the surface 
immobilized azo initiator (Si-Azo surfaces) were recovered from the reaction mixture 
and washed with acetone, ethanol and water repeatedly. The functionalization of the 
Si-H surface and the immobilization of the azo initiator are illustrated schematically 
in Figure 6.1.  
 
6.1.3 Synthesis of the Polybetaine Brushes on the Silicon Wafer Surface 
 
For the synthesis of the polybetaine brushes on the Si-Azo surface, 50 ml of 
doubly distilled water and 5 g of DMAPS monomer were introduced into a round-
bottom flask. CTA (0.125g) was added and solublized at room temperature. A 
purified argon stream was introduced to degas the solution for 60 min. The 
temperature of the reaction mixture was raised to 70oC to facilitate the dissolution of 
the CTA. One piece of the Si-Azo wafer and 0.025 g ACPA were added into the 
solution to initiate the graft polymerization of DMAPS on the Si-Azo surface. After 
the reaction was allowed to proceed for a pre-determined length of time, the flask was 
cooled in an ice bath, and the reaction mixture was precipitated in excess acetone (a 
very good solvent for the CTA). The silicon substrate surface with grafted DMAPS 
polymer (the Si-g-PDMAPS surface) was washed with copious amounts of acetone 
and water to remove the physically adsorbed polymer on the surface. The silicon 
substrate was dried by pumping under reduced pressure. The synthesis of the 
polybetaine brushes on the Si-H surface is also illustrated schematically in Figure 6.1. 
 
As shown in Figure 6.1, the synthesis of the diblock copolymer brushed was 

















































Figure 6.1: Schematic illustration of surface functionalization of the silicon 
substrate, immobilization of the azo initiator, and the RAFT-mediated synthesis of 
the polymer brushes. 
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the synthesis of the Si-g-PDMAPS brushes, except that 5 g of the anionic monomer, 
sodium 4-styrene sulfonate (SS) and a piece of freshly prepared Si-g-PDMAPS wafer 
were used to give rise to a Si-g-PDMAPS-b-PSS surface. The synthesis of the diblock 




The surface composition of the silicon wafer was characterized by XPS, the same 
as in Section 3.1. The topography of the modified silicon surfaces was probed by 
atomic force microscopy (AFM), using a Nanoscope IIIa AFM from the Digital 
Instrument Inc. A 5 µm × 5 µm surface area was scanned using the tapping mode. 
The drive frequency was 330+15 kHz, and the voltage was between 3.0-4.0 V. The 
drive amplitude was about 300 mV and the scan rate was 0.5-1.0 Hz.  
The thickness of the polymer films grafted on the silicon wafer was measured by 
ellipsometry, using a variable angle spectroscopic ellipsometer (model VASE®, J. A. 
Woollam Inc. Lincoln, NE) at incident angles of 65o, 70o and 75o and in the 
wavelength range of 200 to 1000 nm. All measurements were conducted in dry air at 
room temperature. The refractive index of the dried polymer films was determined to 
be 1.5. For each sample, the thickness measurements were performed on three 
different surface locations. Thickness data reported were average values based on film 
thickness measurements that did vary by more than +1 nm. Data were recorded and 
processed using the VASE® software package.    
Static water contact angles of the silicon surface were measured at room 
temperature and 60% relative humidity by the sessile drop method, using a 3-µl water 
droplet in a telescopic goniometer (Rame-Hart, Model 100-00-(230)), manufactured 
by the Rame-Hart, Inc. (Mountain Lakes, NJ)). The telescope with a magnification 
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power of 23× was equipped with a protractor of 1o graduation. For each sample, the 
measurements were conducted on at least three different surface locations and the 
results were averaged. Each contact angle reported was reliable to +3o. 
 
6.2 Results and Discussion 
6.2.1 Functionalization of the Hydrogen-Terminated Silicon Surface and 
Immobilization of the Azo Initiator 
 
The hydrogen-terminated silicon (Si-H) surface is first transformed into the 
hydroxyl-terminated surface, because the labile hydroxyl group can be utilized to 
immobilize the azo initiator or to introduce other functional groups. The Si-H surface 
was functionalized via a two-step process. A self-assembled monolayer (SAM) of 10-
undecylenic methyl ester (CH2=CH-(CH2)8-COOCH3) was covalently coupled to the 
Si-H surface under UV irradiation to give rise to an ester-terminated silicon (Si-
COOCH3) surface, followed by reduction of the ester groups into the hydroxyl groups 
by LiAlH4, leading to the hydroxyl-terminated silicon (Si-CH2OH) surface. The 
presence of a slightly higher proportion of the C-O species than the O-C=O species on 
the Si-COOCH3 surface probably has resulted from oxidation of the coupled ester 
monolayer by the UV irradiation (Yu, 2003). 
  
Figures 6.2(a) and 6.2(b) show the respective C 1s core-level spectra of the Si-
COOCH3 surface and Si-CH2OH surface. The C 1s spectrum of the Si-COOCH3 
surface was curve-fitted with four peak components using the following protocols. 
The peak components at the binding energies (BE’s) of about 283.9 eV and 284.6 eV 
are assigned to the Si-C species and CH2 species, respectively. The peak components 


























Figure 6.2: XPS C 1s core-level spectra of (a) the Si-COOCH3 and (b) the 
















Figure 6.3: AFM micrographs of the silicon surface: (a) the 
pristine Si(100) surface; (b) the Si-Azo surface and (c) the Si-
g-PDMAPS surface (polymerization time =12 h, PDMAPS 
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species, respectively. For the Si-COOCH3 surface, the molar ratio of the C-O species 
to O-C=O species, as determined from the spectral peak component areas, is about 
1.6:1, which deviated somewhat from the theoretical ratio of 1:1. This deviation is 
probably due to photolysis of the ester group under the UV irradiation. On the other 
hand, the molar ratio of the CH2 species and the Si-C species is about 11.5, in good 
agreement with the theoretical value of 11 for the 10-undecylenic methyl ester. For 
the Si-CH2OH surface, the C 1s peak component associated with the O-C=O species 
has disappeared, while the other three peak components remain. The change in C 1s 
line shape indicates that the ester groups on the silicon surface have been completely 
transformed into the hydroxyl groups after reduction by LiAlH4. Since the hydroxyl 
group is much more hydrophilic than the ester group, the static water contact angle of 
the resulting Si-CH2OH surface decreases from about 60o to only about 25o. Efficient 
esterification of hydroxyl groups with carboxyl acid occurs only in the presence of 
certain catalysts (Ishihara et al., 2000; Wakasugi et al., 2000; Otera, 2001; Xiang et 
al., 2001). In the present study, the carboxylic acid group of ACPA was first 
transformed into acid chloride by reaction with thionyl chloride, because the latter is 
more reactive toward esterification of the hydroxyl group, especially at room 
temperature (von Werne et al., 2003; Sugiyama et al., 1992).   
 
Figure 6.2(c) shows the C 1s and N 1s core-level spectra of the silicon surface 
after immobilization of the azo initiator (Si-Azo surface). The C 1s core-level 
spectrum is curved-fitted with five peak components. Besides the four peak 
components found for the Si-COOCH3 surface, the peak component at the BE of 
about 287.2 eV is attributable to the –C≡N species of the azo moiety. Upon 
immobilization of the azo compound on the Si-CH2OH surface, the O-C=O species
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 has re-appeared, indicating that the esterification reaction has occurred on the silicon 
surface. The appearance of the C≡N peak component confirms that the azo initiator 
has been immobilized on the silicon surface. The N 1s core-level spectrum of the Si-
Azo surface is curve-fitted with two peak components at the BE’s of about 398.5 eV 
and 400.2 eV, attributable to the C≡N and –N=N- species of the azo initiators, 
respectively. The molar ratio of the two species, as determined from their 
corresponding spectral area ratio, is about 0.70. This ratio deviated somewhat from 
the theoretical value of 1:1 for the azo initiator ACPA. The deviation probably has 
resulted from the decomposition of some of the azo moieties during the preparation 
and storage of the Si-Azo substrate. The persistence of the C-O species in Figure 
6.2(c), as well as the fact that the [N]/[C] ratio of the Si-Azo surface is only about 
0.09 (as determined from the N 1s and C 1s core-level spectral area ratio) instead of 
about 0.12 for the idealized structure shown in Figure 6.1, suggest that not all the azo-
containing moieties attach to the hydroxyl-terminated Si-CH2OH surface via both 
ends. After the esterification of the hydroxyl groups and immobilization of the azo 
initiator, the static water contact angle of the silicon wafer increases from about 25o to 
about 40o. The “surface density” of the initiators can probably be defined as the extent 
of esterification of the Si-CH2OH surface by the azo chloride moieties. Thus, the 
surface density of the initiators can be determined from the XPS-derived O-C=O to C-
O ratio. 
 
6.2.2 Surface-Initiated RAFT Polymerization of DMAPS on the Functionalized 
Si-H Substrate 
 
The RAFT-mediated polymerization of the zwitterionic monomer, DMAPS, in 
aqueous media had been reported. A conversion of about 97% was achieved in 3 h, 
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when the monomer concentration was about 0.71 mol/L (Donovan et al., 2002). A 
lower monomer concentration of about 0.35 mol/L was used in the present study to 
reduce the polymerization rate. After the immobilization of the azo initiator, the 
polymerization of DMAPS was initiated from the surface-bounded initiator to give 
rise to the surface-grafted DMAPS polymer (PDMAPS). The surface is referred to as 
the Si-g-PDMAPS surface. The topography, chemical state and polymer film 
thickness of the Si-g-PDMAPS surface are probed by AFM, XPS, and ellipsometry, 
respectively. Due to the small thickness (~10 nm) of the grafted PDMAPS on the 
silicon substrate, attempts to study the chemical structure of the graft PDMAPS 
directly by attenuated total reflectance Fourier transform infrared (ATR-FTIR) fail to 
produce additional structural information.  
   
Figures 6.3(a) to 6.3(c) show the topography of the pristine Si(100) surface, the 
Si-Azo surface and the Si-g-PDMAPS surface (polymerization time=12 h), 
respectively. The pristine Si(100) substrate exhibits an atomically flat surface, with a 
root-mean-square surface roughness (Ra) of about 0.13 nm. After surface 
functionalization and immobilization of the azo initiator, the Ra value of the Si-Azo 
surface has increased slightly to about 0.47 nm. After the surface-initiated RAFT 
polymerization of DMAPS for 12 h in an aqueous medium, the Si-g-PDMAPS 
surface exhibits an Ra value of about 1.1 nm. The AFM image of the Si-g-PDMAPS 
surface reveals the presence of a distinctive overlayer. 
 
Figure 6.4 shows the respective C 1s and N 1s core-level spectra of the Si-g-
PDMAPS surface (surface film thickness ≈ 11 nm) and the PDMAPS homopolymer. 
















































Figure 6.4: XPS N 1s and C 1s core-level spectra of (a) the Si-g-PDMAPS surface 
(polymerization time=18 h) and (b) the PDMAPS homopolymer. 
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two peak components. The major peak component at the BE of about 402 eV is 
assigned to the quaternary ammonium cations of the sulfobetaine, or the C-N+ species, 
while the minor peak component at the BE of about 399.5 eV is attributable to the 
tertiary amine, or the C-N(CH3)2 species, arising probably from decomposition or 
hydrolysis of the quaternary ammonium cation of DMAPS.31,32  The molar ratio of the 
two species, or the ([C-N+]/[C-N(CH3)2])surface ratio, determined from their peak 
component area ratio, is about 3.7. The N 1s core-level spectrum of the Si-g-
PDMAPS surface can also be curve-fitted with two peak components. The peak 
intensity of the tertiary amine species at the BE of 399.5 eV has been enhanced. The 
([C-N+]/[C-N(CH3)2])surface ratio of the Si-g-PDMAPS surface has decreased to about 
1.1, consistent with the further decomposition and hydrolysis of the DMAPS chains to 
form the C-N(CH3)2 species during the surface-initiated RAFT polymerization.  
  
The C 1s core-level spectra of the Si-g-PDMAPS surface and the PDMAPS 
homopolymer were curve-fitted with four peak components using the following 
approach. The peak components at the BE’s of 284.6 eV and 288.8 eV are attributed 
to the -CH2- and O-C=O species, respectively, as mentioned before. The peak 
component at the BE of about 287.0 eV is assigned to the C-N+ species of the 
DMAPS polymer film.40 The peak component at the BE of about 286 eV is attributed 
to the combined contribution of the C-O and C-SO3- species. The C 1s core-level line 
shape of the Si-g-PDMAPS surface differs considerably from that of the Si-Azo 
surface. Due to the presence of surface-grafted PDMAPS, the peak component 
associated with the Si-C species has been obscured. The enhanced proportion of the 
C-O and C-SO3- species, associated with the DMAPS repeat units, in the C 1s core-
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level spectrum of the Si-g-PDMAPS surface over that of the C-O species in the C 1s 
spectrum of the Si-Azo surface confirms the presence of surface-grafted PDMAPS.  
 
The thickness of the grafted DMAPS polymer film on the silicon substrate was 
determined by ellipsometry. Figure 6.5 shows the dependence of the thickness of the 
PDMAPS film of the Si-g-PDMAPS surface on the polymerization time. Figure 6.5 
shows that the thickness of the PDMAPS film increases almost linearly with the 
polymerization time. Previous study has shown that the “living” or controlled 
polymerization of DMAPS could be achieved via the RAFT-mediated process using 
4-cyanopentanioc acid dithiobenzoate (sodium salt) as the CTA (Donovan et al., 
2002). The molecular weight exhibited a linear increase with the increase in 
conversion. A polydispersity index of less than 1.4 was achieved in the PDMAPS 
polymer from the RAFT-mediated process (Donovan et al., 2002). Although the 
thickness of the grafted PDMAPS polymer film, initiated by the azo species bound on 
the Si-H surface increases linearly with the increase in polymerization time, the 
surface-initiated “living” polymerization may differ substantially from the bulk 
“living” polymerization. In the former process, additional constraints, such as the 
excluded volume effect of neighboring chains, are imposed on the growing chains to 
give rise to a different set of polymerization kinetics. The steric hindrance from the 
neighboring chains at the surface can result in irreversible termination or chain 
transfer reaction of the propagating radicals, giving rise to gradual or partial 
deactivation of the polymer chains. The latter phenomenon, in turn, will increase the 

















Figure 6.5: Dependence of the PDMAPS film thickness of the Si-g-PDMAPS 
































Figure 6.6: XPS wide scan, C 1s and Na 1s core-level spectra of the Si-g-
PDMAPS-b-PSS surface. 
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For all the controlled radical polymerizations, it is essential to avoid the 
propagating radicals from the irreversible termination or chain transfer reactions. 
During the RAFT polymerization of DMAPS in an aqueous medium in the presence 
of the CTA, the primary free radicals are produced from the thermal decomposition of 
the azo initiator and form the propagating radicals of PDMAPS. The propagating 
radicals chain-transfer to the added CTA, a dithioester, and form the dormant 
PDMAPS polymer chains with a dithiobenzoate end group, or macro-CTAs. 
Equilibrium is eventually established between the macro-CTAs and the propagating 
radicals. The PDMAPS polymer can fragment from the macro-CTA to undergo 
further propagation. PDMAPS with a narrow molecular weight distribution is thus 
produced through the RAFT-mediated process (Mitsukami et al., 2001; Donovan et 
al., 2002; Chiefari et al., 1998; Chong et al., 1999).  
 
6.2.3 Synthesis of the Diblock Brushes on the Si-g-PDMAPS Surface 
 
As mentioned above, the polymer prepared via the RAFT-mediated process has an 
end functionality of the dithiobenzoate group. Thus, the so-prepared graft chains on 
the silicon substrate can serve as macro-CTAs for the subsequent block 
polymerization or further functionalization (Thang et al., 1999; Chiefari et al., 1998; 
Chong et al., 1999; Lowe et al., 2002). In order to ascertain the RAFT-mediated 
nature of the Si-g-PDMAPS surface, and the “living” character of the dithiobenzoate 
end functionality of the PDMAPS brushes, efforts were made to incorporate another 
polymer block to form the diblock polymer brushes on the silicon surface. The 
anionic monomer, sodium 4-styrene sulfonate (NaSS) was chosen for the block 
copolymerization because there had been reports on the RAFT-mediated 
polymerization of SS using the same thio compound as the CTA (Mitsukami et al., 
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2001). In addition, the NaSS repeat unit contains the sodium salt, which can serve as a 
marker in the XPS analysis (Santos et al., 2001). 
 
After graft copolymerization for 8 h in an aqueous medium of NaSS to produce 
the diblock polymer brushes (Si-g-PDMAPS-b-NaPSS surface) from a freshly 
prepared Si-g-PDMAPS surface (initial film thickness ≈ 11 nm), its surface chemical 
composition and chemical states were determined by XPS. Figures 6.6(a) to 6.6(c) 
show the XPS wide scan, C 1s and Na 1s core-level spectra, respectively, of the Si-g-
PDMAPS-b-NaPSS surface. The C 1s spectrum can be curve-fitted with four peak 
components by the same strategy as that employed for the Si-g-PDMAPS surface. 
Compared to that of the Si-g-PDMAPS surface, the molar ratio of the O-C=O species 
from DMAPS to the sum of the C-O and C-SO3- species for the Si-g-PDMAPS-b-PSS 
surface decreases from 0.25 to about 0.15, indicating that the O-C=O (or C-N+) 
species associated with the PDMAPS block has been partially obscured by the PSS 
polymer film and the C-SO3- (or C-N+) species have been enhanced after the 
introduction of the PSS blocks. In addition to changes in the C 1s lineshape, the Na 1s 
signal is also detected in the XPS wide scan spectrum of the Si-g-PDMAPS-b-NaPSS 
surface, as shown in Figure 6.6(a). Figure 6.6(c) shows the Na 1s core-level spectrum 
of the Si-g-PDMAPS-b-NaPSS surface. The ([Na]/[C])surface molar ratio of the Si-g-
PDMAPS-b-NaPSS surface, determined from the Na 1s and C 1s core-level spectral 
area ratio, is about 0.03. On the other hand, the ([S]/[C])surface molar ratio has 
increased from about 0.05 to about 0.1, consistent with the incorporation of the SS 
polymer. Ellipsometry analysis result indicates that after 8 h of block 
copolymerization, although the uniformity of the surface was reduced, the thickness 
of the polymer film on the silicon substrate has increased by about 3 nm. These results 
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confirm that NaSS has been successfully block copolymerized by the dithiobenzoate 
end group of the Si-g-PDMAPS brushes. 
 
6.3 Conclusions  
Surface-initiated reversible addition-fragmentation chain transfer (RAFT) 
polymerization of a zwitterionic monomer, N,N'-dimethyl(methylmethacryloyl ethyl) 
ammonium propane sulfonate (DMAPS), was successfully carried out on the 
hydrogen-terminated silicon (Si-H) surface to produce the Si-g-PDMAPS surface. 
AFM images revealed that the roughness of the Si-H substrate was increased after 
surface functionalization and the surface-initiated RAFT polymerization of DMAPS. 
XPS results inferred significant changes in the chemical states of carbon and nitrogen 
of the silicon substrate, indicating the fact that the DMAPS polymer has been grafted 
on the substrate. Because of the “living” character of the surface-initiated RAFT 
process, ellipsometric results have shown that the thickness of the PDMAPS film on 
the Si-g-PDMAPS surface increases linearly with the polymerization time of the 
polymer brush. Since the so-obtained polymer brush contains a dithioester end group 
from RAFT polymerization, diblock polymer brushes were prepared via the block 
polymerization of sodium styrene sulfonate (NaSS) on the Si-g-PDMAPS surface to 
result in the Si-g-PDMAPS-b-PSS surface. The presence of the NaPSS block was 
confirmed by XPS analysis and the increase in surface film thickness. 
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PVDF graft copolymer with functional side chains was successfully prepared via 
the ozone-pretreatment of PVDF in solution and graft copolymerization with specific 
monomers, such as weak base 4VP and zwitterionic DMAPS (PVDF-g-P4VP and 
PVDF-g-PDMAPS copolymers). The microfiltration membranes were fabricated from 
the respective copolymer solutions by phase inversion.  
 
Due to the weak base nature of the P4VP side chains, both the surface 
morphology, pore-size distribution and surface composition is dependent on the pH 
value of the casting bath. With the increasing pH of the casting bath, the pore size 
decreases while the surface enrichment of the graft chains occurs. The flux of aqueous 
solution through the PVDF-g-P4VP membrane exhibits a pH-sensitive behavior. The 
flow rate increases with the increase in the solution pH. XPS results revealed that the 
hydrogen bonding and protonation of the pyridine groups accounts for such a 
phenomenon.  
 
The pH- and temperature- sensitive membranes were prepared from the blend of 
P4VP-g-P4VP and PNIPAm in solution by phase inversion. It was revealed that both 
the surface morphology and the pore-size distribution of the PVDF-g-P4VP/PNIPAm 
blend membrane were dependent on the pH value, temperature and ionic strength of 
the casting bath, as the low temperature and high pH of the casting bath enhance the 
surface concentration of the graft chains and the hydrophilicity of the membrane 
surface. The flow rate of the aqueous media through the blend increases with the 
increases in both the pH value and the temperature of the aqueous media.  
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The aqueous solution of DMAPS homopolymer (PDMAPS) exhibits a typical 
polyzwitterion behavior, depending on both the temperature and the ionic strength of 
the aqueous solution. Accordingly, the surface morphology and the surface 
composition of the PVDF-g-PDMAPS membrane were also responsive to the ionic 
strength and temperature of the casting bath. The flow rate of aqueous media through 
the membrane decreases with the increase in the ionic strength, resulting from the 
globular-to-coiled conformational transition of the PDMAPS side chains in response 
to the increase in the electrolyte concentration, or anti-polyelectrolyte effect.  
 
The molecularly and surface-initiated ATRP were also carried out to prepare 
PVDF graft copolymer. The ATRP-type AB* inimer was graft-copolymerized with 
the ozone-pretreated PVDF to produce PVDF-g-PBIEA copolymers. The ATRP of 
NaSS was initiated by the PBIEA side chains to produce the PVDF-g-PBIEA-ar-
NaPSS copolymer. Due to the presence of NaPSS side chains, the morphology and 
surface composition of the PVDF-g-PBIEA-g-NaPSS membrane are responsive to the 
ionic strength of the casting bath. The migration of the NaPSS from the bulk to the 
surface was promoted in a high ionic strength casting bath, as the electrostatic 
repulsion was shielded by the mobile ions (polyelectrolyte effect). The surface-
initiated ATRP of PEGMA was carried out on the PVDF-g-PBIEA membrane surface 
to produce the PVDF-g-PBIEA-ar-PPEGMA membrane. The biocompatible PEGMA 
polymer had enhanced significantly the anti-fouling properties of the membranes. 
 
The surface-initiated RAFT process was also extended to the silicon substrate to 
produce the well-defined polymer brushes. After the immobilization of azo initiator 
onto the silicon substrate, the RAFT-mediated process of DMAPS was initiated from 
 170
the surface-bound azo moiety to produce Si-g-PDMAPS brushes. The thickness of the 
polymer layer increased linearly with the increase in polymerization time. In order to 
verify the presence of end-functionality, NaSS was copolymerized to produce the Si-










Recommendations for Futher Work
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Based on the research work I performed during these 3 years, there are severa 
recommendations for future work from my point of view. 
1 Stimuli-responsive Polymers 
One of most interesting apsectes of polymers is that multiple properties or 
characters can be integreated into a whole by copolymerization, and structures of the 
copolymers, including sequencing, architechture, molecular weight etc, can be 
custom-designed and tailer-made with the aid of precision polymerization, especially 
the controlled radical polymerization.  The stilimuli-responsive polymers constitute a 
special family of functional polymers of great academic and application potentials. 
The synthesis of multicomponent copolymer with precisely defined architectures have 
lead to a more interesting stimuli-responsive behavior, which could integrate the 
sensitive physicochemical properties in reponse to pH, temperature and ionic strength. 
Beyond the membrane formation, there is a huge space for the study of stimuli-
responsive polymers, especially the controlled self-assembly in the solution or at the 
interface.  
Even limited in membrane formation of stimuli-responsive copolymer, there are 
still more spaces to explore. For instance, the PVDF used in this study has a rather 
wide molecular weight distribution (MWD), and the side chains introduced to the 
PVDF backbones has a degree of polymerization of great randomcy. Adopting some 
technique to controlled the MWD of  PVDF backbones and side chains may produce 
more direct results and indications for this study. 
 
2 Visualization of Stimuli-responsive Behaivor  
When explaining the responsive behavior of the membranes, especially the flow 
rates, it was typically believed to result from the conformational changes of the side 
 173
chains distributed on the pore walls; however, these claims need to be justified and 
they are just tentatively based on the assumption and previous work on hydeogel by 
other research groups.For the membranes, the most direct proof is to visualize the 
change in the pore size or in the chain conformation. For the future work, it is 
suggested to visualize such a responsive change to justifiy these claims. 
 
3 Surface-initiated Living Radical Polymerization 
Although the controlled radical polymerization, such as atom transfer radical 
polymerization (ATRP) and reversible addition-fragmentation chain transfer process 
(RAFT), have been widely investigated in the formation of solution reaction, the 
hetereogeneous ATRP or RAFT are still in their premature state. One of the key 
advantages of ATRP and RAFT is to control the MW and MWD; however, for the 
surface-initiated ATRP or RAFT, due to different mobility and, thus, reactivity, the 
MW and MWD could be hardly maintained as ideal as those of homogenous reaction. 
For the surface-initated RAFT, what is more, since the polymerization rate is 
significantly retarded by the presence of CTA, the chain-transfer efficiency could not 
be sufficiently high, indicating that all the terminal groups of RAFT-prepared 
polymers could not necessarily be dithioester functionality. As a suggestion, the 
surface-initatied RAFT should be avoided in the synthesis of surface-bonded 
polymers, except that a high reaction rate could be achieved for the monomers to be 
studied . 
 
4  Instrumental Analysis 
For the students and research staffs of lab of Surface and Interface Engineering, 
the author used a spectrum of modern instruments to characterize the materials 
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obtained. However, since the materials studied in this work are basically organic in 
nature, the utility of some modern instrument could be improved, especially for 
nucluear-magentic resonance (NMR). NMR could provide a both qualative and 
quantitative description of the chemical structure. On the other hand, the usage of x-
ray photoelectron spectroscopy (XPS) has been relied on excessively, although it was 
not very necessary on some occasions. 
 
5 Mechanistic Understanding 
The author generally adopted the mature techniques to prepare the copolymers and 
to characterization their structure and properties, implying that the author has made 
few exploration into the unknown field, especially in the copolymerization kinectics 
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